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Abstract 

This thesis describes my work to develop and apply an automated fluorescence lifetime 

imaging (FLIM) microscopy-based method for high-content analysis (HCA) of protein-

protein interactions (PPIs) at the budding yeast kinetochore in live cells via Förster 

resonance energy transfer (FRET). FLIM provides a robust readout of FRET, since the 

fluorescence lifetime is independent of the fluorophore concentration, excitation power 

and the spectral properties of the sample and instrument, but it requires relatively high 

signal to noise. Here I demonstrated, for the first time, that FLIM HCA could be applied 

in live cells to study endogenous proteins labelled with fluorescent proteins and 

developed new protocols and data acquisition and analysis tools to address the challenges 

associated with the low copy number of kinetochore proteins (KPs) and high 

(autofluorescence) background.  

The openFLIM-HCA platform developed at Imperial College London implements 

automated multiwell plate FLIM using wide-field, optically-sectioned, time-gated 

imaging with open source software to analyse FLIM data. I adapted the instrumentation 

and software tools to map (sub-10 nm) co-localisation of KPs using FRET in live yeast 

cells and validated this methodology by showing that it can detect known KP interactions. 

I then explored the potential of this FLIM HCA methodology to query the kinetochore 

localisation of Rdh54p as a means to investigate how this DNA repair protein promotes 

the adaptation to the DNA damage-induced cell cycle arrest. I also forced the associations 

of Rdh54p (and mutants) with most of the proteins in the proteome using the high-

throughput synthetic physical interaction (SPI) method to identify associations that affect 

cell growth. Both the FLIM and SPI data converged on the CTF19/COMA complex at 

the kinetochore, suggesting that Rdh54p constitutively localises adjacent to this complex, 

which may have functional significance. The SPI screens also identified hits related to 

the DNA damage checkpoint that are interesting for future investigations. 
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Chapter 1. Introduction 

The research reported in this thesis was motivated by the ultimate goal of studying the 

protein interactions of Rdh54p at the kinetochore of the budding yeast Saccharomyces 

cerevisiae, which play a key role in promoting the escape of a cell from a prolonged 

checkpoint-induced cell cycle arrest. To this end, I developed a methodology for assaying 

of protein-protein interactions (PPIs) in vivo at the budding yeast kinetochore, which is a 

macromolecular multi-protein complex that plays key roles in ensuring faithful 

chromosome segregation. The methodology utilises automated Fluorescence Lifetime 

Imaging (FLIM) microscopy to implement a high-content analysis (HCA) modality to 

read out Förster resonance energy transfer (FRET) between fluorescent proteins labelling 

endogenous proteins at the kinetochores of live yeast cells. In this introductory chapter I 

provide an overview of the cell cycle and the cell cycle checkpoints of budding yeast, I 

outline the architecture and the functions of the budding yeast kinetochore, and I briefly 

review the FLIM FRET-based techniques that have been applied to study PPIs.  

1.1 The budding yeast cell cycle and cell cycle checkpoints 

The budding yeast Saccharomyces cerevisiae has long served as a useful model organism 

for studying the functional roles of genes and proteins in eukaryotic cells1. It is one of the 

simplest eukaryotic organisms and also the first eukaryote to have a fully sequenced 

genome2. It can grow as a haploid with 16 chromosomes and a mating type of MATa or 

MATa, or as a diploid with 16 pairs of chromosomes. It is fast growing (divides every 

~100 min with sufficient nutrients3), can be genetically manipulated with relative ease, 

and is naturally compatible with high-throughput genome-scale studies4. More 

importantly, despite its simplicity, it shares highly conserved features (including 

molecular functions, cellular components, and biological processes) with metazoans, 

including humans4.  

One process that has particularly benefited from yeast-based studies is the cell cycle. The 

work of Leland Hartwell and Paul Nurse, who discovered the key regulators of the cell 
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cycle using the budding yeast Saccharomyces cerevisiae and the fission yeast 

Schizosaccharomyces pombe5–9, was recognised by the Nobel Prize in Physiology or 

Medicine in 2001 (together with the sea urchin egg-based work of Tim Hunt10). In this 

section, I start with an overview of the budding yeast cell cycle and cell cycle checkpoints, 

and progress to describe the two cell cycle checkpoints that are most relevant to my 

project, the DNA damage checkpoint (DDC) and the spindle assembly checkpoint (SAC), 

in terms of their activation, recovery, and adaption. I will also review the existing 

literatures on the potential crosstalk between these two checkpoints.  

1.1.1 Overview of the budding yeast cell cycle and cell cycle checkpoints 

The cell cycle is a process consisting of a series of events that a cell goes through for 

proliferation, i.e. the division of one cell into two. In the case of budding yeast, cells 

divide through the budding of a mother cell that generates a nascent daughter cell. In 

order to divide, the mother cell needs to go through the four stages of the cell cycle: G1-

, S-, G2-, and M-phases (Figure 1-1).  

 

Figure 1-1 The budding yeast cell cycle 

The cell cycle of the budding yeast Saccharomyces cerevisiae consists of four stages: G1, S, G2, 
and M. The M-phase is when mitosis and cytokinesis occur. A cell commits to the cell cycle after 
satisfying the restriction checkpoint (START). The spindle assembly checkpoint (SAC) and the 
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G2/M DNA damage checkpoint (DDC) can arrest the cell cycle at the metaphase-to-anaphase 
transition for ensuring genome integrity. The budding yeast cells show the nucleus (blue) and the 
SPBs (red). 

The G1-, S-, and G2-phases are sometimes referred to as the interphase. In G1 (Gap 1), 

the cell grows in size to prepare for the subsequent S-phase (Synthesis-phase), during 

which DNA replication, spindle-pole body (SPB; the microtubule-organising centre in 

yeast) duplication and bud emergence occur. The cell then grows again in G2 (Gap 2) 

before entering M-phase (Mitotic-phase) for cell division.  

M-phase comprises two steps: mitosis and cytokinesis. Mitosis is the process where sister 

chromatids are segregated and it can be further divided into four phases: 

• prophase, during which the DNA replicated in S-phase condenses and 

microtubules emanating from the two SPBs make attachments to the sister 

chromatids through the kinetochores (which is introduced later in Section 1.2); 

• metaphase, during which the two kinetochores on each pair of sister chromatids 

are attached by microtubules from opposite SPBs, respectively, and sister 

chromatids are bi-oriented on the spindle equator under the poleward pulling force 

from depolymerising microtubules and the resisting force from the ring-shaped 

cohesin complexes that hold sister chromatids together; 

• anaphase, during which cohesin is cleaved and each pair of sister chromatids are 

segregated and pulled respectively towards to the two SPBs; 

• telophase, during which the mitotic spindle is disassembled.  

As cells exit from mitosis, cytokinesis ensues, upon which the mother cell divides through 

budding, resulting in a mother cell and a daughter cell, each with an identical set of 

chromosomes. After cell division, both the mother and the daughter cells can enter a new 

cell cycle to produce more offspring.  

The cell cycle of eukaryotic cells is highly regulated, principally by phosphorylation 

events mediated by cyclin-dependent kinases (CDKs), to drive the relevant cellular events 

in a timely manner. In budding yeast, there is only one CDK responsible for the cell cycle 

progression, Cdc28p, and it realises its function through interacting specifically with nine 
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different cyclins, its “activators”, at different cell cycle stages11 (Figure 1-1). There are 

two classes of cyclins: G1 cyclins (Cln1p, Cln2p, Cln3p), which are responsible for the 

kinase activity of Cdc28p in G1, and B-type cyclins (Clb1p to Clb6p), which function 

with Cdc28p in the rest of the cell cycle. In G1 as the cell grows, the accumulation of 

Cln3p activates Cdc28p by the formation of the Cln3p-Cdc28p complex, which then 

phosphorylates Whi5p, an inhibitor of the SBF complex that is required for the 

transcription of CLN1 and CLN2. Cln3p-Cdc28p-dependent phosphorylation of Whi5p 

drives Whi5p’s nuclear export, and therefore promotes the synthesis of Cln1p and 

Cln2p12,13. Cln1p and Cln2p, when bound to Cdc28p, also promote the synthesis of 

themselves through a positive feedback loop14–16. The association of the three G1 cyclins 

with Cdc28p further promotes the degradation of a Cln-Cdc28p inhibitor, Far1p17, and a 

Clb-Cdc28p inhibitor, Sic1p18, and eventually promotes the irreversible transition from 

G1 to S19.  

From S phase, the six B-type cyclins start to be expressed and associate with Cdc28p in 

three successive waves20 and, while there are some overlaps in their functions (i.e. not all 

cyclins are essential), each wave of B-type cyclins have their specific cell cycle roles. 

The first wave, Clb5p-Cdc28p and Clb6p-Cdc28p, achieve their peak activity in early S-

phase. They are involved in both the initiation of DNA replication21–24 and the prevention 

of re-replication25, and also drive the degradation of the G1 cyclins26. The concentrations 

of Clb3p-Cdc28p and Clb4p-Cdc28p then reach their peaks after DNA replication starts, 

and they are required for not only the completion of DNA replication but also the 

assembly of interphase spindle and the G2 to M transition27. Finally, Clb1p-Cdc28p and 

Clb2p-Cdc28p function prior to, and in, mitosis to promote the entry into mitosis together 

with Clb3p-Cdc28p and Clb4p-Cdc28p27,28, and to drive the metaphase to anaphase 

transition by activating the anaphase-promoting complex/cyclosome (APC/C)-Cdc20p, 

which degrades the securin Pds1p and leads to the cleavage of cohesin by the separase 

Esp1p, and by promoting spindle elongation29.  

Upon mitotic exit, the phosphates that were added by Cdc28p need to be removed. This 

process is under the coordination of phosphatases, principally Cdc14p, whose release 

from the nucleolus and accumulation in anaphase requires the CdcFourteen Early 

Anaphase Release (FEAR) network30 and the Mitotic Exit Network31,32 (MEN). The 
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FEAR network triggers the release of Cdc14p in early anaphase via the phosphorylation 

of the nucleolar protein Net1p by Clb1p-Cdc28p and Clb2p-Cdc28p33, and also promotes 

the activation of the MEN through the Cdc14p-mediated dephosphorylation of the MEN 

component Cdc15p34. The MEN activation also requires the Clb-Cdc28p-dependent 

mitotic spindle formation and orientation35. In turn, the Cdc14p released from the FEAR 

network and the MEN represses the activity of Clb-Cdc28p, by activating the APC/C-

Cdh1p complex to degrade B-type cyclins and by promoting the synthesis and 

maintenance of the aforementioned Clb-Cdc28p inhibitor Sic1p36,37. Cdc14p also works 

in partnership with protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) to 

dephosphorylate key phosphosites in the cell as cells exit mitosis. How these 

phosphatases are coordinated remains elusive38. Collectively, these mechanisms render 

Cdc28p inactive when the cell finishes the current cell cycle and re-enters G1. 

Alongside the CDK Cdc28p and the cyclins, there are several surveillance mechanisms 

called cell cycle checkpoints that act at critical transition points to halt cell cycle 

progression until certain requirements are fulfilled, so as to ensure the faithful replication 

and segregation of the genetic materials. These checkpoints include: 

• the restriction point (START), which arrests the cell in G1 in the absence of an 

appropriate cell size and sufficient nutrients, or in the presence of mating 

pheromone. Once it is satisfied, the cell enters S-phase and commits to an 

irreversible cell cycle6,39. 

• the DNA damage checkpoint (DDC), which in the presence of damaged DNA can 

arrest the cell in either G1, S, or G2/M using cell cycle stage-dependent signalling 

pathways, offering time for DNA repair. It eventually directs the cell to resume 

the cell cycle through checkpoint recovery/adaption or to apoptosis when the 

damage is too severe40–46 (see Section 1.1.2 for details). 

• the DNA replication checkpoint, which partially shares its pathway with the DDC 

and specifically monitors the progress of DNA replication and the presence of 

stalled replication forks in S-phase47,48.  

• the morphogenesis checkpoint, which makes sure that the cell only enters M-

phase after proper bud formation49,50. 
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• the spindle assembly checkpoint (SAC), which halts the cell cycle prior to 

anaphase until all the kinetochores are attached by spindle microtubules and 

chromosome bi-orientation is established or until SAC adaptation occurs51–54 (see 

Section 1.1.3 for details). 

• the spindle positioning checkpoint (SPOC), which functions prior to mitotic exit 

and ensures that the mitotic spindle is properly aligned for the faithful partitioning 

of the chromosomes between the mother and the daughter cells35,55. 

While they respond to different unfavourable scenarios, the checkpoints ultimately arrest 

the cell cycle through signalling pathways that inhibit or maintain the activities of Cdc28p 

and cyclins. For example, in the presence of pheromone, START inhibits the transition 

from G1 to S by repressing the activity of Cln3p-Cdc28p via the Cln-Cdc28p inhibitor 

Far1p, which then inhibits the downstream positive feedback loop that drives the 

transcription of CLN1 and CLN2 and the irreversible transition into S-phase39. For 

detailed reviews on the checkpoints act on the cyclin-Cdc28p activities, please refer to 

Refs.11,56.  

1.1.2 DNA damage checkpoint (DDC) 

The DDC is a surveillance mechanism that swiftly reacts to the detection of DNA damage 

and arrests cell cycle progression, offering time to repair the damaged DNA. DNA 

damage can be induced by endogenous factors (e.g. replication errors, free radicals 

produced by cellular metabolism, and programmed nuclease activities for events like 

meiotic recombination) as well as exogenous factors (e.g. ionising radiation, ultraviolet 

radiation, and chemical agents like methyl methanesulfonate (MMS) and cisplatin). It can 

appear in the form of mutations in the bases or the sugar-phosphate backbone of 

nucleotides, DNA strand breaks, and DNA-DNA or DNA-protein crosslinks; the most 

severe one of these is DNA double-stranded break (DSB)57–60. Unrepaired or improperly 

repaired, DNA DSBs can lead to genome instability with various types of chromosomal 

rearrangements, affecting the viability of yeast cells and causing diseases, including 

cancer, in humans45,58,61,62. Hence, the evolutionarily highly conserved DDC and DNA 

damage repair pathways are critical for the preservation of genome integrity during cell 

proliferation63. In budding yeast, DNA DSB is primarily repaired by non-homologous 
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end joining (NHEJ) in G1 and homologous recombination (HR) in S and G2/M64. 

Without going into details about the differences between the two pathways, I focus here 

on introducing the DDC in response to DNA DSB in G2/M that is most relevant to my 

project, as it arrests the cell at the metaphase-to-anaphase transition65,66, which is the same 

as the SAC (see Section 1.1.3) that is regulated at the kinetochore (see Section 1.2) and 

indeed has some modes of crosstalk with the SAC that are yet to be well characterised 

(see Section 1.1.4).  

 

Figure 1-2 Simplified schematic for the activation of the G2/M DDC 

Black arrow: recruits the downstream protein(s) or promotes the downstream event . Grey arrow: 
contributes to the activation of the downstream kinase. Proteins marked as red: kinases. Red 
arrow: phosphorylation of the downstream protein. Black line terminated with a bar: inhibition. 
Red line terminated with a bar: inhibition by phosphorylation. 
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Activation of the DDC at G2/M 

The activation of the DDC in response to DNA DSB starts with the detection of DSB 

ends. This triggers a complex cell cycle-dependent kinase cascade to transduce the 

checkpoint signal to the downstream effectors of cellular processes, and eventually results 

in a cell cycle arrest as well as other cellular responses67; for the G2/M DDC, the cell 

cycle arrest is at the metaphase to anaphase transition68.  

Blunt DNA DSB ends are first detected by the MRX (Mre11p-Rad50p-Xrs2p) 

complex69,70. MRX competes with the Ku (Yku70p-Yku80p) complex for binding to 

unprocessed DSB ends, the latter of which promotes the repairing of the DSB by NHEJ, 

i.e. by directly ligating the two DSB ends, but is only predominant in G171,72. Upon 

binding to the DSB ends, MRX recruits Tel1p (ATM in humans), a key protein kinase 

for initiating the DDC, to the DSB site, primarily via the interaction between Xrs2p and 

Tel1p73. The Mre11p-Rad50p subcomplex may facilitate the Tel1p recruitment 

independently, as is supported by a study in fission yeast74, and its ATP-bound 

conformation is required for the activation of Tel1p75. MRX also promotes the 5’-3’ 

resection of DSB ends in a two-step manner: it first works with the endonuclease Sae2p 

to generate short 3’ ssDNA (single-stranded DNA) tails76, and then stimulates the 

extensive degradation from the 5’ ends to generate long 3’ ssDNA overhangs in two 

pathways, one involving the exonuclease Exo1p, the other involving the STR (Sgs1p-

Top3p-Rmi1p) helicase-topoisomerase complex, the flap endonuclease Dna2p, and the 

trimeric RPA (replication protein A) complex (composed of three subunits: Rfa1p, Rfa2p, 

Rfa3p)77–80. RPA molecules bind to the ssDNA tails, and subsequently function in 

protecting the ssDNA from being degraded by nucleases and forming fold-back hairpin 

structures81, recruiting Rad52p and other proteins required for DNA repair via HR82, and 

recruiting Mec1p (ATR in humans), another protein kinase critical for the DDC, through 

the interaction between RPA and the Mec1p’s interacting partner Ddc2p83. The 

recruitment of Mec1p-Ddc2p to the RPA-coated ssDNA channels the transition from the 

initial Tel1p-dependent DDC signalling to the Mec1p-dependent one84,85, as it is followed 

by the dissociation of MRX and Tel1p from the DNA break sites70 and the Mec1p-Ddc2p-

independent recruitment of the 9-1-1 checkpoint clamp (Ddc1p-Rad17p-Mec3p; Rad9p-

Rad1p-Hus1p in humans) and the champ loader Rad24p-RFC(Rfc2p-Rfc3p-Rfc4p-Rfc5p) 
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to the 5’-junctions of the ssDNA86–88. The 9-1-1 checkpoint clamp, in turn, stimulates the 

kinase activity of Mec1p, by directly interacting with Mec1p via its Ddc1p subunit and 

by recruiting the replication initiation protein Dpb11p, another activator of Mec1p89–91. 

The 9-1-1 checkpoint clamp also coordinates the resection at DSB ends, by both 

promoting resection through stimulating the activity of Exo1p and Sgs1p-Dna2p and 

inhibiting resection through recruiting Rad9p (a mediator protein for the DDC; see below) 

to DSB ends92,93.  

Tel1p and Mec1p initiate the transduction of the DDC signal, in two partially overlapped 

but non-redundant pathways respectively, via their kinase activities. Central to these 

pathways is the phosphorylation of histone H2A on its serine 129 (termed g-H2A). Upon 

its early recruitment to the unprocessed break sites by MRX, Tel1p phosphorylates the 

histone H2A molecules, resulting in g-H2A spreading ~50 kb from each DSB end94–96. 

Mec1p subsequently promotes the late spreading of g-H2A as it is recruited to the ssDNA 

generated by the DSB end resection96. g-H2A is responsible for the recruitment of cohesin 

to the DSB sites97, the exact role of which is still under examination98. More important 

for the DDC signalling, g-H2A recruits a key DDC mediator, Rad9p, which is 

constitutively associated with chromatin via interacting with methylated histone H3 at 

lysine 79 (H3K79)99,100. Rad9p acts as an adaptor between Telp1/Mec1p and the 

downstream DDC effectors, Rad53p and Chk1p. Rad9p is hyperphosphorylated by Tel1p 

and/or Mec1p, and this hyperphosphorylation enables the binding of Rad53p to 

Rad9p101,102 and consequently the Mec1p-dependent phosphorylation of Rad53p103. 

Rad9p also brings the Rad53p molecules in close proximities of each other, facilitating 

the in trans autophosphorylation of Rad53p that leads to the full activation of Rad53p and 

its release from Rad9p104. The Mec1p-dependent activation of Chk1p is promoted by 

Rad9p as well, although the exact mechanism behind this is not well characterised105–107. 

In addition, the oligomerisation of Rad9p via the interaction between its BRCT domain 

and its SCD domain is essential for amplifying and maintaining the DDC signalling, but 

it is constrained by a feedback loop that weakens the oligomerisation by the Rad53p-

mediated phosphorylation of Rad9p’s BRCT domain108. 

After activation, the effector kinases Rad53p and Chk1p work in separate pathways to 

inhibit both the metaphase-to-anaphase transition and the mitotic exit105,109. The two 
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kinases contribute separately to inhibiting the APC/C-Cdc20p-mediated degradation of 

Pds1p, the securin protein that protects cohesin from being cleaved110–112. Specifically, 

Rad53p prevents the interaction between Pds1p and Cdc20p, whereas Chk1p 

phosphorylates Pds1p to render it a poor target for the APC/C-Cdc20p-mediated 

ubiquitination112. The persistent Pds1p and cohesin therefore prevent anaphase entry, i.e. 

the separation of sister chromatids. The Chk1p-mediated phosphorylation of Pds1p 

further inhibits the separase Esp1p from downregulating the PP2A-Cdc55p phosphatase, 

hence preventing the Cdc28p-dependent phosphorylation of Net1p that is required for the 

FEAR network113. As the downregulation of PP2A-Cdc55p is required for the activation 

of MEN as well, the contribution of Chk1p in preventing mitotic exit also includes the 

inhibition of MEN114. Rad53p also acts on keeping the MEN inactive, by facilitating the 

phosphorylation of Bfa1p, a MEN component109. Additionally, the Rad53p-dependent 

phosphorylation of the Polo-like kinase Cdc5p prevents the Cdc5p-mediated degradation 

of Clb-Cdc28p and again inhibits mitotic exit105,115. Collectively, these partially 

redundant functions of Rad53p and Chk1p in the DDC ensure a robust G2/M arrest in 

response to DNA damage.  

DDC recovery 

After completing the repair of the damaged DNA, a cell can “recover” from the DDC-

mediated arrest and resume the cell cycle. While a systematic understanding of the DDC 

recovery process is currently lacking, it has been shown that the process relies on the 

disruption of the DDC signalling pathway, from the inactivation of Mec1p and Tel1p to 

the removal or dephosphorylation of various DDC-related proteins. For example, Sae2p, 

an endonuclease involved in initiating DSB end resection (see above), also functions in 

down-regulating the DDC by removing MRX and Tel1p from DSB ends and by limiting 

Rad9p accumulation at DSB ends, both of which down-regulate the activation of 

Rad53p116,117. The DNA helicase Srs2p is also likely to promote the removal of DDC-

related proteins, besides its role in DNA repair, contributing to not just DDC recovery but 

also DDC adaptation118,119 (see below). Another example is Asf1p, a chromatin assembly 

factor, which on one hand works redundantly with another chromatin assembly factor 

CAF-1 to drive DDC recovery (likely by restoring chromatin structure after DNA 

repair)120, and on the other hand promotes the dephosphorylation of Rad53p upon its 
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dissociation from histone H3 mediated by the acetylation of H3K56 by Rtt109p and the 

subsequent histone H3 ubiquitination by Rtt101p121. The dephosphorylation events 

during DDC recovery are mainly carried out by the PP2C phosphatases, Ptc2p and Ptc3p, 

as well as the PP4 phosphatase Pph3p-Psy2p. All these phosphatases act by 

dephosphorylating Rad53p, leading to Rad53p inactivation122–124, whilst Pph3p-Psy2p 

also dephosphorylates g-H2A, which inactivates Rad53p indirectly via Rad9p 

inactivation125.  

DDC adaptation 

If the DNA damage cannot be repaired after a prolonged cell cycle arrest, there is a 

conserved mechanism called DDC adaptation that allows the cell to bypass the arrest 

despite the persistence of the damaged DNA41,126. Similar to the case of DDC recovery, 

the exact signal pathways that drive DDC adaptation remain to be fully understood. It is 

also unclear why metazoan cells adopt this mechanism: while it may be beneficiary for 

unicellular organisms like budding yeast to override the arrest for the survival of the entire 

population, DDC adaptation in metazoan cells leads to genome instability and could 

eventually lead to tumorigenesis127. 

Studies on DDC adaptation in budding yeast have often employed a system where one or 

several irreparable DSBs can be induced by the HO endonuclease41,126,128. The occurrence 

of adaptation was often characterised by the loss of the otherwise persistent 

phosphorylation and kinase activity of Rad53p129, which also implies that cells may 

bypass the cell cycle arrest by switching off the DDC, perhaps via some common 

pathways with DDC recovery. Indeed, deleting or mutating several of the genes encoding 

the aforementioned recovery-related proteins (Sae2p, Srs2p, Ptc2p, and Ptc3p) also leads 

to defects in adaptation118,122,130, and the Mec1p-interacting partner, Ddc2p, is at least 

partially removed from the DSB sites upon adaptation86. Proteins involved in DSB repair 

(Yku70p, Sgs1p, the RPA subunit Rfa1p, Rad51p, Rdh54p, Srs2p, Fun30p, Rtt107p-

Slx4p) are also required for DDC adaptation118,128,131–134, suggesting that the decision to 

adapt might depend on the status of repair. The discovery that yku70∆, which increases 

DSB end resection, causes an adaptation defect that can be suppressed by deleting either 

of the MRX components, Mre11p or Rad50p, which represses the end resection128, led to 
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the idea that the extent of ssDNA at the break sites determines whether a cell can adapt. 

However, this was later contradicted by the findings that deletions of Sae2p, Sgs1p, 

Fun30p, or Rdh54p, which either reduce or do not affect the DSB end resection rate, are 

also defective in adaption130,131,133. Other factors contributing to DDC adaption include 

the polo-like kinase Cdc5p135,136 and the cytoplasm-to-vacuole autophagy pathway137. 

Interestingly, the permanent arrest phenotype caused by deleting some of the adaptation-

related proteins mentioned above can be rescued by deleting the SAC component 

Mad2p138. This indicates that the SAC somehow contributes to the DDC-induced arrest, 

which is described in more details in Section 1.1.4.  

1.1.3 Spindle assembly checkpoint (SAC) 

The SAC is a well-conserved mechanism that can arrest the cell cycle at the metaphase-

to-anaphase transition similarly to the G2/M DDC introduced above, but it responds to 

defects in the kinetochore-microtubule attachments instead of to damaged DNA53. For 

the accurate partition of genetic materials during cell division, the two kinetochores on 

each pair of sister-chromatids must be respectively attached by microtubules emanating 

from the two opposite SPBs before entering anaphase, i.e. before chromosome 

segregation. When all the kinetochores are properly attached, the chromosomes achieve 

bi-orientation in metaphase with the kinetochores under tension, i.e. being stretched by 

the poleward force generated by depolymerising microtubules and the resisting force 

from the cohesin complexes linking each pair of sister-chromatids. Upon entry to 

anaphase, the linkages between sister-chromatids are cleaved and sister-chromatids are 

segregated to opposite poles. When there is even one erroneous kinetochore-microtubule 

attachment that lacks the intra-kinetochore tension, however, the erroneous attachment is 

disrupted by the Aurora B kinase Ipl1p, which generates an unattached kinetochore and 

allows another attempt to make a correct attachment (see Section 1.2.2 for details). 

Importantly, such an unattached kinetochore also triggers the SAC, which halts the cell 

in metaphase to provide time for establishing a correct attachment by preventing the 

cleavage of cohesin and the degradation of B-type cyclins53,139,140. The SAC is crucial for 

ensuring faithful chromosome segregation; defects in the SAC in both yeast and metazoan 

cells could lead to chromosome instability and aneuploidy, both of which are hallmarks 

of cancer cells141–143.  
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Figure 1-3 Simplified schematic for the activation of the SAC 

In the presence of an unattached kinetochore with low intra-kinetochore tension, the kinetochore 
protein Spc105p is phosphorylated by Mps1p, promoting the subsequent recruitment of the SAC 
components Bub1p, Bub3p, Mad1p, and Mad2p (closed conformation) to the kinetochore. These 
components that act as a platform for converting the diffusive Mad2p molecules from the open 
conformation to the closed conformation, and as such promote the assembly of the MCC that 
inhibits the metaphase-to-anaphase transition. 

SAC activation 

It is evident that unattached kinetochores can lead to the activation of the SAC144,145, and 

it has also been suggested that the lack of intra-kinetochore tension is sufficient to activate 

the SAC regardless of the attachment status144,145. Although it remains unclear which one 

of the two scenario is the primary trigger of the SAC, the signalling pathway governing 

the SAC activation has been well studied. SAC signalling starts from the unattached or 

improperly attached kinetochore(s), with the phosphorylation of the protein Spc105p at 

the outer kinetochore (see Section 1.2.1) on one or several of its conserved MELT repeats 

by the Mps1p kinase146–148. The kinetochore receptor for Mps1p may be Ndc80p, another 

protein at the outer kinetochore149,150. Phosphorylated Spc105p recruits the Bub1p-Bub3p 

complex147,151, and subsequently Bub1p is phosphorylated by Mps1p to enable the 

subsequent recruitment of the heterotetrameric Mad1p-Mad2p complex152,153. The 

kinetochore-bound Mad1p-Mad2p complex functions as a platform for converting the 

soluble Mad2p molecules from the open conformation (Mad2p-O) to the closed 

conformation (Mad2p-C)154, which then cycle off the kinetochore to form the mitotic 
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checkpoint complex (MCC) together with Bub3p, Mad3p, and Cdc20p155–157. The 

formation of the MCC inhibits the activity of the E3 ubiquitin ligase APC/C, which 

requires Cdc20p for activation, and therefore prevents the APC/C-Cdc20p-mediated 

degradation of the securin Pds1p (which protects cohesin via inhibiting the separase 

Esp1p110) and B-type cyclins157–165, resulting in a cell cycle arrest prior to anaphase entry. 

Notably, while MCC inhibits APC/C-Cdc20p from ubiquitinating its substrates, it 

stimulates the autoubiquitination of Cdc20p, which, on one hand maintains a low Cdc20p 

level for maintaining the SAC-induced arrest, and on the other hand allows prompt 

activation of the APC/C-Cdc20p when the SAC is off with the rapid turnover of 

Cdc20p166,167 (see below).  

SAC recovery 

Similar to the case of the DDC, a cell can recover from a SAC-induced cell cycle arrest 

when all kinetochores are properly attached. This SAC recovery process involves the 

reversal of the SAC activating activities, including the inhibition of further Mps1p-

mediated phosphorylation of Spc105p, the dephosphorylation of Spc105p to disrupt the 

assembly of Bub1p-Bub3p-(Mad1p-Mad2p)2 at the kinetochore, and the disassembly of 

the MCC to activate the APC/C-Cdc20p. Upon the establishment of an end-on attachment, 

Mps1p is likely to be physically separated from its substrates on Spc105p by its binding 

to the calponin-homology domain of Ndc80p, with the DAM1 complex acting as an 

additional barrier150. It is also possible that the microtubule competes with Mps1p for 

binding to Ndc80p, and therefore removes Mps1p from the kinetochore upon 

binding168,169. In addition, it has been shown that Mps1p is degraded by the APC/C after 

anaphase entry170. The PP1 protein Glc7p is the key player in reversing the SAC-induced 

phosphorylation events. The predominant target of Glc7p for SAC recovery is Spc105p, 

the dephosphorylation of which promotes the release of Bub1p from the kinetochore and 

therefore inhibits the assembly of the MCC147,171. Glc7p also interacts with Fin1p, which 

leads to the kinetochore recruitment of Glc7p in anaphase that further promotes the 

removal of Bub1p172. In addition, Glc7p reverses the Ipl1p-mediated phosphorylation for 

promoting chromosome bi-orientation, which indirectly contributes to SAC recovery173–

175. The disassembly of the existing MCC is likely to rely on the autoubiquitination of 

Cdc20p166, as well as the ubiquitination of Mad3p176, and Bub3p enhances the binding of 
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the newly-synthesised Cdc20p to APC/C to promote the activation of APC/C-Cdc20p 

and hence anaphase entry177. 

SAC adaptation 

The SAC-induced cell cycle arrest is not permanent; after being arrested at metaphase for 

several hours, a budding yeast cell can proceed into anaphase via a mechanism called 

SAC adaptation in spite of the presence of defective kinetochore-microtubule attachments 

(e.g. when being treated with microtubule-depolymerising agents such as nocodazole or 

benomyl) and/or persistent SAC signalling (e.g. when induced by overexpressing 

Mad2p)178–180. The molecular mechanisms behind SAC adaptation are yet to be fully 

understood. Several pieces of evidence suggest that the SAC adaption is regulated by the 

interplay between the kinase activity of Cdc28p-Clb2p and the phosphatase activity of 

PP2A-Cdc55p54,178,181. Specifically, it has been shown that Cdc28p is responsible for 

activating the APC/C by phosphorylating Cdc16p and Cdc27p, which are two APC/C 

components that promote SAC adaptation181. These phosphorylation events are, however, 

antagonised by PP2A-Cdc55p and presumably some other phosphatases54. The 

observation of the Clb2p accumulation during the SAC-induced arrest then supports an 

attractive model, where the accumulation of Cdc28p-Clb2p during the arrest eventually 

reaches a threshold for activating APC/C-Cdc20p, which subsequently drives anaphase 

entry by functioning in both a positive feedback loop for the further activation of itself 

by inhibiting PP2A-Cdc55p and a negative feedback loop for rapid Clb2p degradation54. 

Besides this relatively simple model, there seem to be other factors affecting SAC 

adaptation. The phosphorylation of Bub1p by the activated Cdc28p, for example, is 

required for SAC adaptation, likely by promoting Bub1p degradation182. It has also been 

reported that the RSC chromatin-remodelling complex contributes to SAC adaptation via 

its role in the FEAR network that promotes the early release of Cdc14p179. However, this 

does not agree with the finding that Cdc14p is not required for anaphase entry when the 

SAC is activated54. Moreover, it seems that, at least under certain circumstances (e.g. 

strong Cdc28p inhibition), Cdh1p, another activation of APC/C that normally functions 

in anaphase/telophase, can activate APC/C to overcome the SAC54,183,184. Importantly, 

human cells can also escape from SAC-induced arrest, which not only causes aneuploidy 

but also leads to resistance to anti-mitotic drugs that aim to induce programmed cell death 
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via inhibiting mitotic progression for cancer treatment185–187. This adaption-like process 

is often referred to as “mitotic slippage”, as it involves the gradual degradation of cyclin 

B mediated by the APC/C that eventually drives mitotic progression188.  

1.1.4 Crosstalk between the DDC and the SAC 

While the DDC and the SAC respond to different types of defects during cell cycle 

progression and therefore were thought to function independently, there is increasing 

evidence acquired from various organisms in support of the existence of crosstalk 

between the two checkpoints189. In budding yeast, the initial findings of the contributions 

of the SAC components Mad1p, Mad2p, and Bub1p to the DNA damage-induced arrest 

led to the proposal that DNA damage might trigger the SAC by generating detached 

kinetochore(s), where the SAC components are subsequently assembled190–193. This idea 

was supported by a study that demonstrated the dependence of the SAC-related arrest on 

the spreading of the DNA damage-induced g-H2A to the centromeric region, which might 

trigger the SAC by reducing the intra-kinetochore tension via affecting the normal 

centromeric enrichment of cohesin138. Another study further revealed that the inner 

kinetochore protein Cep3p is phosphorylated in a Mec1p- and Rad53p-dependent manner 

in the presence of a DNA DSB and promotes a Mad2p-dependent arrest194. However, 

results from two other studies complicated the situation, as one showed that in the 

presence of DNA damage the SAC-induced arrest persisted in cells devoid of functional 

kinetochores195 and the other showed that neither of the two kinases initiating the DDC 

(i.e. Mec1p and Tel1p) were required for the Mad2p-dependent protection of Pds1p in 

response to DNA damage196. Interestingly, the DDC adaptor Rad9p and effector Rad53p 

have been shown to be phosphorylated by SAC components with the SAC activated by 

the microtubule depolymerising drug nocodazole197. It is also possible that the two 

checkpoints converge at the nuclear pore complex (NPC), as persistent DNA lesions have 

been found to relocalise to the NPC for proper repair (reviewed in Refs.198,199) whilst the 

SAC components Mad1p and Mad2p also constitutively localise at the NPC throughout 

interphase200–202, yet it is unclear how these facilitate the crosstalks. Additionally, the 

SAC component Bub1p and the SPOC component Bub2p have been shown to be 

recruited to DSBs for promoting DSB repair by NHEJ203.  
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1.2 The budding yeast kinetochore 

The kinetochore is an evolutionarily-conserved protein complex assembled on each 

centromere of the sister chromatids. It plays a pivotal role in facilitating accurate 

chromosome segregation during mitosis, specifically in: 

• maintaining a load-bearing connection between the centromere of each chromatid 

and a dynamic spindle microtubule, and coupling the force generated by 

depolymerising microtubules to pull apart sister chromatids during chromosome 

segregation; 

• destablising erroneous kinetochore-microtubule attachment(s) for the 

reestablishment of proper one(s); 

• ensuring that each pair of sister chromatids are attached by microtubules 

originating from opposite spindle poles prior to chromosome segregation, by 

activating the SAC to arrest the cell cycle at the metaphase of mitosis in the 

presence of any erroneous kinetochore-microtubule attachment. 

The budding yeast kinetochore is comprised of >60 proteins that are either stably-

associated with, or transiently-presented at, the kinetochore throughout the cell cycle, and 

most of these proteins have homologs not just in other yeast species (e.g. S. pombe) but 

also in human cells204 (Table 1-1). Unlike its counterpart in humans, which can typically 

attach to ~20-30 microtubules205, each budding yeast kinetochore is either unattached or 

attached by 1 microtubule206. The evolutionary conservation in its composition and the 

simplicity in the kinetochore-microtubule attachment status make the budding yeast 

kinetochore a useful model for studying the kinetochore’s functions.  

In this section, I provide an overview on the current knowledge of the composition and 

the architecture of the budding yeast kinetochore, and also review the experimental 

methods that were utilised to acquiring the knowledge.  
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Table 1-1 Homologs of kinetochore proteins 

 Subcomplex in 
S. cerevisiae S. cerevisiae S. pombe Human Subcomplex in 

human 

In
ne

r k
in

et
oc

ho
re

 

CBF3 

Ndc10p - - 

- 
Ctf13p - - 

Cep3p - - 

Skp1p - - 

 Scm1p Scm1p HJURP  

 Cse4p Cnp1p CENP-A 

CCAN 

 Cbf1p Abp1p CENP-B 

 Mif2p Cnp3p CENP-C 

CTF19 

COMA 

Ctf19p Fta2p CENP-P 

Okp1p Fta7p CENP-Q 

Mcm21p Mal2p CENP-O 

Ame1p Mis17p CENP-U 

CTF3 

Mcm16p Fta3p CENP-H 

Ctf3p Mis6p CENP-I 

Mcm22p Sim4p CENP-K 

 
Nkp1p Fta4p - 

Nkp2p Chl2p - 

 
Chl4p Mis15p CENP-N 

Iml3p Fta1p CENP-L 

CNN1 

Cnn1p Cnp20p CENP-T 

Wip1p New1p CENP-W 

Mhf1p Mhf1p CENP-S 

Mhf2p Mhf2p CENP-X 

O
ut

er
 K

in
et

oc
ho

re
 

MIND 

Mtw1p Mis12p Mis12p 

KMN 

Dsn1p Mis13p Dsn1p 

Nnf1p Nnf1p Nnf1p 

Nsl1p Mis14p Nsl1p 

SPC105 
Spc105p Spc7p Knl1p 

Kre28p Sos7p Zwint-1p 
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NDC80 

Ndc80p Ndc80p Hec1p 

Nuf2p Nuf2p Nuf2p 

Spc24p Spc24p Spc24p 

Spc25p Spc25p Spc25p 

DAM1 

Ask1p Ask1p Ska1p* 

Ska 
(evolutionarily 

distinct from but 
functionally 

analogous to 
DAM1) 

Dad1p Dad1p Ska2p* 

Dad2p Dad2p Ska3p* 

Dad3p Dad3p - 

Dad4p Dad4p - 

Dam1p Dam1p - 

Duo1p Duo1p - 

Hsk3p Hsk3p - 

Spc19p Spc19p - 

Spc34p Spc34p - 

MAPs 

Stu1p Peg1p CLASP1/CLASP2 

MAPs 
Stu2p Dis1p/Alp14p XMAP215 

Bik1p Tip1p CLIP-170 

Bim1p Mal3p EB1 

Motors 

Cin8p Cut7p Kif11p 

Motors 
Kip2p Tea2p Kif22p 

Kip3p Klp6 Kif18p 

Kar3p Pkl1 Kifc1p 

MAP- or motor-
related proteins 

Kar9p - - MAP- or motor-
related proteins Slk19p - - 

Re
gu

la
tio

n 

CPC 

Bir1p Bir1p Survivin 

CPC 
Ipl1p Ark1p Aurora B 

Nbl1p Mug118p Borealin 

Sli15p Pic1p INCENP 

SAC 

Mps1p Mph1p Mps1p/TTK 

SAC 
Cdc20p Slp1p Cdc20p 

Bub1p Bub1p Bub1p 

Bub3p Bub3p Bub3p 



 39 

Mad1p Mad1p Mad1p 

Mad2p Mad2p Mad2p 

Mad3p BubR1p Mad3p 

 Sgo1p Sgo1p Sgo1p  

 Cdc28p Cdc1p Cdk1p  

 Cdc5p Plo1k Plk1p  

PP1 
Glc7p Dis2p PP1 

PP1 
Sds22p Sds22p PP1 

PP2A 

Cdc55p Pab1p B55 

PP2A 

Pph21p Ppa1p PP2A 

Pph22p Ppa2p PP2A 

Rts1p Par2p B56 

Tpd3p Paa1p PP2A 

 

 

Figure 1-4 Schematic of a budding yeast kinetochore with its constitutive 
components 

Proteins and subcomplexes are colour-coded. Please refer to Table 1-1 or the main text for the 
components in each subcomplex. 
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1.2.1 Kinetochore composition and architecture 

The budding yeast kinetochore can be regarded as a complex with a two- or three-layer 

architecture along the kinetochore-microtubule axis. While there is no universal 

agreement on which model best describes the architecture and on how the various proteins 

and subcomplexes at the kinetochore should be respectively categorised into each layer, 

here I discuss kinetochores based on a two-layer model. In this model, as shown in Table 

1-1 and Figure 1-4, the proteins/subcomplexes in contact with the centromere comprise 

the inner kinetochore whereas the other constituent proteins/subcomplexes, as well as the 

microtubule-associated proteins (MAPs) and the motor proteins, are considered as the 

outer kinetochore. I also provide a brief introduction on the regulators of the kinetochore’s 

functions.  

The centromere and the inner kinetochore 

The budding yeast centromere is defined by a specific DNA sequence of ~125 bp on each 

sister chromatid and is therefore termed a “point” centromere, in contrast to the “regional” 

centromere found in human cells that is defined epigenetically and spans up to several 

Mb with alpha-satellite DNA repeats207. The centromeric DNA consists of three 

centromere-determining elements (CDEs)208. CDEI (8 bp) and CDEIII (26 bp) bind to the 

protein Cbf1p209,210 and the CBF3 complex (composed of a homodimer of Cep3p, a 

homodimer of Ndc10p, and a Skp1p-Ctf13p heterodimer)211–213, respectively, whereas at 

the AT-rich CDEII (78-86 bp) resides Cse4p, a histone H3 variant specific to the 

centromeric nucleosome214–216 (in replacement of the canonical histone H3). The 

deposition of Cse4p into the centromeric nucleosome requires both the chaperone Scm3p 

and the interaction between Scm3p and the CBF3 component Ndc10p217–219. The precise 

number and composition of the Cse4p-containing centromeric nucleosome at the 

centromere are controversial (reviewed in Ref.204); the current understanding is that the 

centromeric DNA wraps around a single centromeric nucleosome through the interaction 

between the CDEIII-bound Ndc10p and the CDEI-bound Cbf1p213, and the nucleosome 

is composed of a (Cse4p-H4)2 tetramer and possibly a (H2A-H2B)2 tetramer220,221 

throughout the cell cycle (except a brief period in S-phase when Cse4p turnover occurs). 

As the number of centromeric Cse4p has been used as a reference for estimating the copy 
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numbers of kinetochore proteins (KPs) - based on fluorescence intensity of the green 

fluorescent protein (GFP) labelling the KPs (see Section 1.2.3 for details), according to 

this model the copy numbers of different KPs range from 1 to ~20 in metaphase and in 

general the outer kinetochore KPs have more copies than the inner kinetochore ones222.  

From the centromere, the budding yeast kinetochore is assembled by its constituent 

proteins and subcomplexes in a hierarchical manner. Once assembled, it remains intact 

and is attached by spindle microtubules throughout the cell cycle, only disassembled 

briefly in the early S-phase of the next cell cycle for the replication of the centromeric 

DNA223. In contrast, in human and other metazoan cells where kinetochore-microtubule 

attachments are only established after nuclear envelope breakdown in early mitosis, only 

the inner kinetochore components, collectively referred to as the CCAN (constitutive 

centromere-associated network), remain at the centromere for most of the cell cycle, and 

the outer kinetochore components are only assembled during mitosis (reviewed in Ref.224). 

Most budding yeast KPs at the inner kinetochore are homologs of the human CCAN 

components (Table 1-1), including Mif2p, the CTF19 complex, and the CNN1 complex.  

The binding of the Mif2p dimer to the centromere via its interaction with Cse4p and CBF3 

is the starting point of the assembly222,225–228. Mif2p facilitates the recruitment of the 

CTF19 complex via its interaction with the Ame1p-Okp1p dimer229. The CTF19 complex 

is formed by several subcomplexes: the COMA complex (Ctf19p, Okp1p, Mcm21p, 

Ame1p), the CTF3 complex (Ctf3p, Mcm16p, Mcm22p), Chl4p-Iml3p, and Nkp1p-

Nkp2p230,231. While all of them are required for accurate chromosome segregation, only 

the Ame1p-Okp1p dimer in the COMA complex are essential for viability. Ame1p-

Okp1p directly associates with both Mif2p and the centromeric DNA for its recruitment 

to the kinetochore, and also interacts with Mtw1p in the outer kinetochore MIND complex 

via Ame1p’s N-terminus229. Ame1p-Okp1p also recruits Nkp1p-Nkp2p, which stabilises 

the COMA complex but is dispensable for the recruitment of other KPs232. The other 

dimer in the COMA complex, Ctf19p-Mcm21p, recruits the other CTF19 components, 

i.e. the Chl4p-Iml3p dimer and the CTF3 complex230,233. Apart from linking CTF3 to 

COMA233, Chl4p-Iml3p interacts with Mif2p and Sgo1p, likely playing a role in 

maintaining sister-chromatid cohesion by recruiting Sgo1p that protects cohesin from 

being cleaved by Esp1p234. CTF3 is also involved in promoting the establishment of 
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pericentromeric sister-chromatid cohesion, specifically by recruiting the Dbf4p-

dependent kinase, which then phosphorylates Ctf19p’s N-terminus to promote the 

recruitment of the cohesin loader complex Scc2p-Scc4p235–237. CTF3 has yet another role: 

it forms a complex with the CNN1 components, Cnn1p and Wip1p, and provides an 

additional connection between the centromere and the outer kinetochore NDC80 complex, 

alongside or in competition to the CTF19-MIND-mediated connections described below. 

This Cnn1p-mediated connection to NDC80, specifically to Spc24p-Spc25p, is cell cycle-

dependent, and the phosphorylation-regulated Cnn1p activity peaks at anaphase, 

presumably to reinforce the kinetochore-microtubule attachment during chromosome 

segregation230,238–242.  

The outer kinetochore and the microtubule-binding proteins 

The outer kinetochore consists of the MIND complex, the SPC105 complex, the NDC80 

complex, the DAM1 complex, as well as some microtubule-binding MAPs and motor 

proteins. It facilitates the attachment to the spindle microtubule and is crucial for the 

regulation of this attachment. It is also involved in the activation of the SAC (see Section 

1.1.3).  

The MIND, SPC105, and NDC80 complexes (MIS12, KNL1, and NDC80 in humans, 

respectively, collectively known as the KMN network) are highly conserved between 

yeast and human. The MIND complex comprises two heterodimers, Mtw1p-Nnf1p and 

Dsn1p-Nsl1p. The crystal structure of this complex has been reported for both 

Kluyveromyces lactis, another yeast species, and humans, and both studies revealed that 

the complex has an asymmetric elongated Y-shaped structure, with two globular domains 

and a coiled-coil rod243,244. The N-termini of Mtw1p and Nnf1p are in one of the globular 

domains, and they are responsible for the binding of MIND to Ame1p and Mif2p in the 

inner kinetochore. This binding is promoted by the phosphorylation of the N-terminal tail 

of Dsn1p from the other globular domain by the Aurora B kinase Ipl1p (see Section 1.2.2), 

which releases the N-terminal domain of Mtw1p-Nnf1p from inhibition by Dsn1p’s 

unphosphorylated N-terminus243,245. The C-terminus of Dsn1p, on the other hand, binds 

to the C-terminal domain of the Spc24p-Spc25p heterodimer in the NDC80 complex. 

MIND has also been shown to interact to the C-terminus of Spc105p246, a component of 
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the SPC105 complex. SPC105 is an elongated heterotrimeric complex comprising one 

Spc105p and two Kre28p247. As described in Section 1.1.3, it plays a key role in the 

activation of the SAC, through the Mps1p-mediated phosphorylation of the MELT motifs 

on Spc105p that recruits the SAC proteins. Spc105p is also required for the kinetochore 

recruitment of some MAPs and motors247, and its N-terminus has also been shown to have 

a relatively low affinity to the microtubule plus-ends247. The major microtubule-binding 

capability of the kinetochore is provided by the NDC80 complex, which has an elongated 

role-like structure, with a Spc24p-Spc25p heterodimer on the centromere-proximal end 

connected to a Ndc80p-Nuf2p heterodimer on the microtubule-proximal end via a 

tetrameric junction248–251. The C-termini of Spc24p and Spc25p form two globular 

domains on the centromere-proximal end, which interacts with either Dsn1p in the MIND 

complex or Cnn1p in the CNN1 complex, as mentioned above. The N-terminal end of the 

Ndc80p-Nuf2p heterodimer confers the microtubule-binding activity, via both the 

calponin-homology domains in the globular domains of the two proteins at this end and 

the unstructured N-terminal tail of Ndc80p252–254. Additionally, Ndc80p-Nuf2p interacts 

with the microtubule-binding DAM1 complex. This interaction was initially thought to 

be mediated by a “loop” region in the middle of Ndc80p’s rod-like coiled-coil structure255, 

but evidence from recent studies suggests that the interaction is associated with a more 

extensive region while the “loop” may affect the interaction indirectly254,256.  

The DAM1 complex is another component in the budding yeast kinetochore that 

possesses a microtubule-binding activity. All the subunits of this decameric structure 

(Ask1p, Dad1p, Dad2p, Dad3p, Dad4p, Dam1p, Duo1p, Hsk3p, Spc19p, Spc34p) are 

essential in budding yeast257–261, but their homologs are not found in humans (Table 1-1); 

instead, the trimeric SKA complex acts as the functional homolog of DAM1 in human 

cells262–265. Multiple copies (~16) of DAM1 are likely to form a ring around a microtubule 

in vivo, as suggested by in vitro studies that visualised the ring structure using electron 

microscopy (EM)260,261,266 or cryogenic EM (cryo-EM)267,268 and in vivo quantitative 

fluorescence microscopy studies that measured sufficient copies of DAM1 at the 

kinetochore to form one222 or two269 such rings. Remarkably, a recent in vivo study using 

electron cryotomography (cryo-ET) has visualised DAM1 complexes forming both 

complete and partial rings around microtubules in metaphase cells270. It has also been 

shown that a faithful kinetochore-microtubule attachment requires the binding of two 
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DAM1 rings to the NDC80 component Ndc80p256. Ndc80p is required for the in vivo 

recruitment of DAM1 to the kinetochore255, which then works together with NDC80 to 

maintain the attachment of the kinetochore to the dynamic (polymerising or 

depolymerising) microtubule plus-end271,272. The maintenance of this attachment when 

the kinetochore is under tension from the shrinking microtubule (and therefore the 

establishment of chromosome bi-orientation) requires the oligomerisation of DAM1, 

which presumably results in the formation of the microtubule-encircling ring(s)273. 

Notably, the microtubule-binding activities of both NDC80 and DAM1 are regulated by 

the Ipl1p kinase, which is discussed in Section 1.2.2.  

There are also some accessory proteins present at the outer kinetochore besides the SAC 

components introduced in Section 1.1.3. These include four MAPs/MAP-related proteins 

(Stu1p, Stu2p, Bik1p, Bim1p), four motor/motor-related proteins (Cin8p, Kip2p, Kip3p, 

Kar3p), and two MAP- or motor-related proteins (Kar9p, Slk19p). While they only 

interact with the kinetochore transiently, unlike the constitutive KPs introduced above, 

these microtubule-related proteins are important, not only for the establishment and 

maintenance of the kinetochore-microtubule attachment but also for the dynamics of the 

mitotic spindle. For example, the MAP Stu1p preferentially localises to unattached 

kinetochores in an Ndc80p- and Spc105p-dependent manner - likely to promote the 

capture of kinetochores by microtubules - and relocalises to spindle microtubules in 

anaphase to stabilise the spindle274,275. Stu1p is also responsible for the kinetochore 

recruitment of another MAP Stu2p276. Kinetochore-localised Stu2p facilitates the 

generation of kinetochore-derived microtubules277, which could facilitate the kinetochore 

capture by spindle microtubules276. Stu2p also preferentially stabilises tension-bearing 

kinetochore-microtubule attachments and promotes kinetochore detachment and/or 

microtubule disassembly at the plus-end when the kinetochore is not under tension278,279, 

and therefore could be important for correcting erroneous attachments in cooperation with 

the Ipl1p-dependent mechanisms (see below in Section 1.2.2).  

1.2.2 Regulation of the kinetochore-microtubule attachment 

As discussed above, one of the kinetochore’s key functions is regulating the kinetochore-

microtubule attachment. This regulation can be subdivided into three aspects: (i) 
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establishing attachments before metaphase, (ii) correcting erroneous attachments and (iii) 

maintaining tension-bearing attachments before chromosome segregation and continuing 

to maintain the attachments during chromosome segregation when the tension is lost 

(reviewed in Ref.204).  

Shortly after its assembly following the replication of the centromeric DNA in early S-

phase, the budding yeast kinetochore is captured by a spindle microtubule emanating 

from the “old” SPB223 (i.e. the one inherited from the previous cell cycle). The 

kinetochore is initially attached to the lateral surface of the microtubule, and is 

subsequently transported towards the SPI, by sliding along the microtubule and 

converting the lateral attachment to an end-on attachment280. A number of MAPs and 

motors are involved in these steps, e.g. Stu2p, Bik1p, Bim1p, and Kar3p276,277,281,282. All 

the kinetochore subcomplexes introduced in Section 1.2.1 except DAM1 are required for 

establishing the lateral attachment281. DAM1 is needed only after the kinetochore slides 

to the microtubule plus-end and attaches to the microtubule in an end-on manner that 

allows the poleward pulling of the kinetochore by the depolymerising microtubule282. 

After the kinetochore is transported to the old SPB and the new SPB is matured and 

separated from the old one, the two kinetochores on a pair of sister-chromatids are 

attached by microtubules from the two SPBs, respectively, and eventually achieve 

chromosome bi-orientation in metaphase280.  

Achieving bi-orientation in metaphase requires the activity of the conserved Aurora B 

kinase Ipl1p at the kinetochore283–285. Ipl1p is a component of the chromosome passenger 

complex (CPC) that also contains Bir1p, Sli15p, and Nbl1p286. Its functions include 

disrupting tensionless end-on kinetochore-microtubule attachments by phosphorylating 

the outer kinetochore proteins Dam1p and Ndc80p258,271,287–289, which enables the 

correction of erroneous syntelic attachments (i.e. sister kinetochores attached to 

microtubules from the same SPB) to bipolar ones, and also triggers the SAC that provides 

more time for correct attachments to be made (see Section 1.1.3). The ability of Ipl1p to 

preferentially disrupt tensionless attachments is likely to be related to its localisation at 

the centromere/inner kinetochore (mediated independently by the CPC components Bir1p 

and Sli15p) during metaphase290–293. With this configuration, Ipl1p is spatially separated 

from its substrates at the outer kinetochore when the kinetochore is stretched by the 
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poleward movement of the attached microtubule and the opposite resistance imposed by 

the pericentromeric cohesin294. Sgo1p, which is recruited to the centromere via Bub1p-

mediated histone H2A phosphorylation295–297, is required for maintaining Ipl1p at the 

centromere, and also recruits condensin (a ring-like complex similar to cohesin that alters 

chromatin conformation)298 to the pericentromeric region via recruiting the PP2A subunit 

Rts1p; both of these processes promote bi-orientation299,300. There are some additional 

regulators involved in the process of establishing bi-orientation. For example, the PP1 

phosphatase Glc7p is responsible for dephosphorylating Ipl1p substrates301,302. Another 

example is the Mps1p kinase, which has been found to be important for bi-orientation per 

se besides its role in activating the SAC303,304.  

After achieving bi-orientation, i.e. satisfying the SAC, sister chromatids are separated and 

pulled towards opposite SPBs by shrinking microtubules, respectively. During this 

process, the kinetochore-microtubule attachments need to be maintained in spite of the 

lack of intra-kinetochore tension. This requires the relocation of the CPC from the 

kinetochores to the spindle, which in turn depends on the phosphatase activity of Cdc14p 

released in anaphase305,306. As the linkage between the inner and the outer kinetochore 

via COMA and MIND relies on the phosphorylation of Dsn1p by Ipl1p, the kinetochore 

itself needs to undergo a conformational change after the relocation of the CPC in order 

to maintain the attachment, presumably through increasing the connections between 

CNN1 and NDC80239,242,307 (see above in Section 1.2.1). 

1.2.3 Methods for studying the budding yeast kinetochore 

As outlined above, the budding yeast kinetochore has been extensively studied, in terms 

of its composition, its hierarchical assembly, its architecture (including the stoichiometry 

and the molecular structures of its components), and the regulation of its functions via the 

interactions with non-constitutive proteins and microtubules, etc. A wide range of 

experimental methods have contributed to these studies.  

The initial identification of the KPs and subcomplexes constituting the budding yeast 

kinetochore largely relied on a combination of genetic, biochemical, biophysical, and 

cytological methods. For example, the four components of the COMA complex (Ctf19p, 
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Okp1p, Mcm21p, Ame1p) were identified using one-hybrid assays for assessing their 

proximity to the centromeric DNA, co-immunoprecipitations and two-hybrid assays for 

showing their interactions with each other and with Cse4p, Mif2p, and the CBF3 

complex, affinity purifications followed by mass spectroscopy for identifying their 

interacting partners in cell extracts and hydrodynamic analyses for showing that they 

form a stable complex. In addition, live cell fluorescence microscopy has been used to 

study their kinetochore localisations and the phenotypes caused by genetic 

mutations226,308. These and similar methods were also employed to examine the inter-

dependency among KPs for kinetochore assembly (e.g. Refs.229,238). Particularly, in vitro 

experiments utilising reconstituted kinetochore particles have provided remarkable 

insights, not only into the kinetochore’s structure and assembly, but also its function and 

interactions with the microtubule and in SAC signalling (e.g. 

Refs.147,153,242,256,273,278,289,309–312). In recent years, the development of cryo-EM-based 

technologies has enabled the visualisation of the molecular structures of various 

kinetochore components with sub-nanometre resolution231,240,243,268,270,313. Fluorescence 

microscopy has also played crucial roles in revealing the kinetochore architecture besides 

examining phenotypes (reviewed in Ref.314). In vitro studies using total internal reflection 

microscopy have elucidated the binding of purified kinetochores to microtubules (e.g. 

Ref.311). Quantitative fluorescence microscopy techniques, including fluorescence 

recovery after photobleaching (FRAP), have been applied to measure the copy numbers 

of KPs at different stages of the cell cycle (e.g. Refs.220–222,307). High-resolution 

fluorescence microscopy has utilised centroiding of the diffraction-limited kinetochore 

foci to reveal the in vivo localisations of various KPs along the kinetochore-microtubule 

axis in metaphase314,315. Förster resonance energy transfer (FRET), which is discussed in 

the following section, has been used to establish proximities between various KPs, for 

example to study the architecture of the kinetochore-microtubule attachment interface at 

the outer kinetochore316,317. 
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1.3 Fluorescence microscopy and the application of FLIM 
FRET to study PPIs 

Fluorescence-based techniques, including fluorescence microscopy, tomography, and 

spectroscopy, have become indispensable tools for biological sciences over the past few 

decades, owing to the molecular specificity of fluorescence labelling techniques and the 

advances in excitation sources and detectors that can provide spectroscopic and spatial 

resolution with single molecule sensitivity. This thesis concerns the application of 

quantitative fluorescence microscopy to study protein-protein interactions (PPIs) at the 

budding yeast kinetochore, taking advantage of the ease of constructing budding yeast 

strains that have specific endogenous proteins labelled with genetically expressed 

fluorophores such as fluorescent proteins. In particular, I have exploited Förster 

resonance energy transfer (FRET) to detect the close proximity of potentially interacting 

proteins labelled with fluorescent proteins, utilising fluorescence lifetime imaging 

(FLIM) microscopy to provide a robust readout of FRET. This section begins with an 

introduction to fluorescence microscopy, followed by an overview of the FRET 

phenomenon and various approaches that have been used to measure FRET. An overview 

of the commonly-used techniques for FLIM measurements is then provided, including 

their implementations for high-content analysis (HCA), followed by a brief review of the 

applications of FLIM FRET for budding yeast-related studies. 

1.3.1 Introduction to fluorescence microscopy 

Photophysics of fluorescence 

Fluorescence is the spontaneous emission of a photon associated with the relaxation of 

an electron from an excited state in a fluorophore that has been excited by a photon of 

higher energy. The fluorescent species, or “fluorophore”, can be a molecule intrinsic to a 

cell (e.g. cellular metabolites, structural proteins, amino acids), for which the emission is 

termed “autofluorescence”. More frequently in biology resarch, specific structures or 

proteins are labelled with a specific extrinsic fluorophore that fluoresces with high 

efficiency. Such fluorophore labels include small-molecule organic dyes, fluorescent 

proteins, quantum dots, and other nanoparticles318. The transitions of electrons between 
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electronic states in such a fluorophore can be represented using a Jablonski diagram, a 

simplified version of which is presented in Figure 1-5.  

 

Figure 1-5 A simplified Jablonski diagram depicting the electronic transitions 
involved in fluorescence and their typical transition rates 

S0: the ground singlet state. S1: the first singlet state. S2: the second singlet state. T1: the first triplet 
state. The first three vibrational levels for each state are labelled as 0, 1, and 2. The rotational 
levels for each vibrational level are not depicted. The approximate timescale for each transition 
is given in units of seconds. 

Upon the absorption of a photon, an electron in a fluorophore can be excited from the 

ground singlet state (S0) to an excited singlet state (S1 or S2). If being excited to the second 

singlet state (S2) or a high vibrational level of the first singlet state (S1,n; n¹0), the electron 

typically undergoes rapid internal conversion and/or vibrational relaxation to S1,0. The 

excited electron can then relax to a vibrational level of the ground singlet level (S0,n) by 

emitting a photon (resulting in fluorescence) or by a non-radiative decay pathway. As 

internal conversion and vibrational relaxation occur much faster than fluorescence after 

excitation (~10-12 s vs ~10-9 s), fluorescence is generally generated from the transitions 

of electrons from the lowest vibrational level of the first singlet state (S1,0). Besides 

relaxing to the S0,n energy levels, an excited electron in S1 can also undergo a spin 

conversion to the excited triplet state T1 via intersystem crossing, albeit with lower 

probability. The relaxation of an electron in T1 back to S0 is, however, spin-forbidden, 
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and therefore occurs much slower than the other processes mentioned above (~10-6 to 

~10-1 s); the corresponding photon emission from this process is termed 

phosphorescence319,320. Electrons “trapped” in the relatively long-lived T1 state are 

associated with deleterious effects, such as irreversible photobleaching that converts an 

excited fluorophore into a non-fluorescent species and phototoxicity, which can result 

from reactive oxidative species (ROS) generated by the interaction between excited 

fluorophores and molecular oxygen321,322.  

 

Figure 1-6 Absorption and emission spectra of fluorescein in ethanol 

Spectral data are acquired from the PhotochemCAD database323. 

Figure 1-6 shows the absorption and emission spectra of the fluorescent dye fluorescein 

(dissolved in ethanol). As indicated by the Jablonski diagram shown in Figure 1-5, most 

excited electrons relax to the lowest vibrational level of the first singlet state S1,0 before 

emitting photons and so the emission spectrum is independent of the excitation 

wavelength; this is known as Kasha’s rule324. The broad emission spectrum originates 

from the existence of a multiplicity of vibrational and rotational levels associated with 

each electronic energy level, to which the excited electrons can transit. Similarly, the 

broad absorption spectrum is accounted by the vibrational and rotational levels associated 
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with S1. As the energy level structures of S0 and S1 closely resemble each other, the 

emission spectrum of a fluorophore is typically similar to the mirror image of the 

excitation spectrum - the so-called “mirror-image rule”319. Owing to the energy lost 

during internal conversion and vibrational relaxation, the energy of the emitted photon is 

generally lower than that of the absorbed photon. As the frequency 𝜈 and wavelength 𝜆 

of a photon is determined by the photon’s energy following the equation: 

𝐸 = ℎ𝜈 =
ℎ𝑐
𝜆

(1.1) 

where ℎ is the Planck constant and 𝑐 is the speed of light. The lower energy of the emitted 

photon means that fluorescence is emitted at a longer wavelength than the wavelength of 

the excitation light. This difference between the absorbed and emitted photon energies 

results in the Stokes shift between the absorption and emission spectra319. The existence 

of the Stokes shift enables the separation of the emitted fluorescence from the scattered 

excitation light by using spectral filters, and is critical for most practical applications of 

fluorescence.  

Fluorescence intensity and spectroscopic parameters of fluorescence 

Various parameters of fluorescence can be a source of contrast and have been widely 

exploited for extracting qualitative and/or quantitative information. These parameters 

include fluorescence emission spectrum, intensity, lifetime, and anisotropy, which are 

introduced below. 

• Fluorescence excitation and emission spectra are characteristics determined by 

the energy level structures of a fluorophore species. Different excitation and 

emission spectra can be used to distinguish different fluorophores and spectral 

unmixing algorithms have enabled the quantification of the relative 

concentrations of multiple fluorophore species presented in the same sample325. 

As the energy level structures can be affected by the local molecular environment 

surrounding the fluorophores, measurements of the fluorescence emission 

spectrum can also be applied to report parameters of the environment, such as pH 

and solvent polarity326. Fluorescence spectroscopy has been wdiely exploited in 

cancer diagnosis for its capability to discriminate normal and abnormal tissues 
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that are different in the molecular level, by sensing the local environment and the 

fluorophore species that generate autofluorescence327.  

• Fluorescence intensity describes the power of fluorescence per unit area, and is a 

function of both the absorbance and the quantum yield of the fluorescent sample 

(assumed to contain a population of fluorophores) under examination. The 

absorbance, 𝐴, of the sample is the logarithmic ratio of the incident intensity 𝐼-. 

to the transmitted intensity 𝐼-./012. According to the Beer-Lambert law319, it can 

be denoted by the following equation: 

𝐴 = log6
𝐼-.

𝐼-./012
7 = 𝜀(𝜆)𝐶𝐿	 (1.2) 

where 𝜀(𝜆)  is the wavelength-dependent molar extinction coefficient for the 

fluorophore species, 𝐶 is the molar concentration of the fluorophore molecules, 

and 𝐿 is the path length of the incident light transmitting through the sample. The 

quantum yield of the fluorophore species 𝜂 describes how efficiently the absorbed 

excitation light is converted to fluorescence emission, and is determined by the 

transition rates of the radiative and the non-radiative decays from S1 to S0 (𝑘? and 

𝑘@?, respectively): 

𝜂 =
𝑁-B
𝑁CD

=
𝑘?

𝑘? + 𝑘@?
(1.3) 

where 𝑁CD is the number of the absorbed photons and 𝑁-B is the number of the 

emitted photons. Taking into account the difference in the energy of the absorbed 

and emitted photons (owing to the difference in their wavelengths 𝜆CD and 𝜆-B; 

see Equation 1.1), the relationship of the fluorescence intensity 𝐼-B  to the 

excitation intensity 𝐼-. can then be written as: 

𝐼-B =
𝜆CD
𝜆-B

[1 − 10/J]𝜂𝐼-. =
𝜆CD
𝜆-B

L1 − 10/M(NOP)QRS𝜂𝐼-. (1.4) 

Therefore, with the absorbance 𝐴  staying constant, fluorescence intensity 

measurements can monitor changes in the quantum yield 𝜂 , which may infer 

changes in the fluorophores’ status (in terms of their conformations and 
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interactions with other molecules) or in their surrounding environment (e.g. pH, 

viscosity, ion concentration) that affect the radiative and/or non-radiative decay 

rates328,329. Alternatively, knowing the molar extinction coefficient 𝜀  and the 

quantum yield 𝜂  of a fluorophore species, the product of which provides 

information about the relative brightness of the fluorophore, the fluorophore 

concentration 𝐶 can be estimated using fluorescence intensity measurements. 

• Fluorescence lifetime describes how long on average a fluorophore stays in the 

excited state before decaying back to the ground state. It is typically of the order 

of nanoseconds and is determined by both the radiative and non-radiative decay 

rates as: 

𝜏 =
1

𝑘? + 𝑘@?
=
𝜂
𝑘?

(1.5) 

where 𝜏 is the fluorescence lifetime and the other parameters are as previously 

defined. For a homogeneous population of fluorophores in the excited state, the 

temporal behaviour of their decay is determined by: 

𝜕𝑁(𝑡)
𝜕𝑡 = −(𝑘? + 𝑘@?)𝑁(𝑡) = −

𝑁(𝑡)
𝜏

(1.6) 

where 𝑁(𝑡) is the number of fluorophores remaining at the excited state at a given 

time. Solving this differential equation yields: 

𝑁(𝑡) = 𝑁Z𝑒
/\] (1.7) 

where 𝑁Z  is the initial number of molecules in the excited state following an 

impulse of excitation radiation. As Equation 1.6 shows, the number of photons 

generated by the decay at any instant is proportional to 𝑁(𝑡). The instantaneous 

fluorescence intensity 𝐼(𝑡) can then be denoted as: 

𝐼(𝑡) = 𝐼Z𝑒
/\] (1.8) 

where 𝐼Z  is the initial fluorescence intensity immediately after excitation. 

Therefore, the intensity of the fluorescence from a homogeneous population of 
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fluorophores exhibits an mono-exponential temporal decay following impulse 

excitation, and the fluorescence lifetime 𝜏 is the amount of time taken for the 

intensity to drop to 1 𝑒`  of its initial value. 

More often than not, the fluorescence signal from a sample under examination 

follows a more complex decay profile, especially for biological samples where 

there could be fluorophores being affected differently by neighbouring 

molecules/environment or belonging to different species. This type of complex 

decay is often represented as a linear sum of mono-exponential lifetime 

components: 

𝐼(𝑡) = 𝐼Za𝛽c𝑒
/ \
]d

e

cfZ

(1.9) 

where 𝑙 is the total number of the mono-exponential lifetime components, and 𝜏c 

and 𝛽c  are the fluorescence lifetime and the pre-exponential factor of the 𝑖-th 

component, respectively. The average fluorescence lifetime 𝜏̅ for such a decay 

can be calculated as: 

𝜏̅ = a𝛽c𝜏c
e

cfZ

(1.10) 

As with the fluorescence emission spectrum and intensity, fluorescence lifetime 

measurements can be utilised for monitoring changes in the molecular 

environment, as it is also dependent on the radiative and non-radiative rates that 

can be sensitive to these changes. Quantitatively unmixing the multiple mono-

exponential components in a complex measured decay profile via fitting-based or 

fit-free algorithms can help quantify emission from a number of fluorescent 

components, e.g. providing the relative concentrations of fluorophores with 

similar spectral properties330,331. Furthermore, fluorescence lifetime provides a 

way for detecting and quantify FRET, which is discussed in more detail in Section 

1.3.2.  
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• When excited by linearly polarised light, a homogenous solution of fluorophores 

emits fluorescence that is also partially polarised, as the fluorophores in the 

solution whose transition dipole moment are parallel to the electric vector of the 

excitation light are preferentially excited. The degree of polarisation of the 

emitted fluorescence can be described by the fluorescence anisotropy 𝑟cl0  as 

below: 

𝑟cl0 =
𝐼∥ − 𝐼n
𝐼∥ + 2𝐼n

(1.11) 

where 𝐼∥  and 𝐼n  are the intensities of the fluorescence signals parallel to and 

perpendicular to the polarisation direction of the linearly polarised excitation light.  

The fluorescence anisotropy 𝑟cl0 can be used to quantify the depolarisation of the 

fluorescence emission relative to the excitation. This depolarisation can be due to 

the rotation of the fluorophores, which is characterised by the rotational 

correlation time (the characteristic decay time of 𝑟cl0 , analagous to the 

fluorescence lifetime) and is affected by the size of fluorophores (together with 

any rigidly attached molecules) as well as environmental factors like the viscosity 

and temperature of the solvent surrounding the fluorophores. This feature has 

made fluorescence anisotropy a useful tool for various applications, ranging from 

biochemical assays to drug discovery332,333. Depolarisation of fluorescence can 

also be caused by FRET, and therefore provides a readout for FRET 

measurements, especially for measuring “homo-FRET”, i.e. FRET between 

fluorophores of the same species334 (see Section 1.3.2).  

Fluorescence microscopy 

Fluorescence microscopy has played important roles in biological studies since early last 

century. Fluorescence microscopy techniques can be classified as wide-field techniques, 

which use cameras to aquire all the image pixel data in parallel, and point-scanning 

techiques, which typically focus a laser beam to a diffraction-limited spot on the sample 

and scan either the sample or the laser beam to build up an image from the sequential 

acquisiton of single pixel data using a detector such as a photomultiplier or a photodiode. 
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Wide-field imaging techiques typically acquire images more quickly than point-scanning 

techniques and can utilise lower instantaneous excitation intensities for a given image 

acquisition time, resulting in lower photobleaching and phototoxicity. Point scanning 

systems can provide optically sectioned images using a “confocal” pinhole placed in front 

of the detector so that only photons emitted from the focused excitation spot are imaged 

efficiently through the pinhole, with fluorescence originating from above or below the 

focal plane being mostly imaged to outside the pinhole. However, the sequential pixel 

acquisition results in slower imaging rates and the higher intensities associated with the 

focused laser beam result in higher photobleaching and phototoxicity, which can scale 

nonlinearly with excitation power.  

 

Figure 1-7 Schematics of two typical set-ups for fluorescence microscopy 

(a) A wide-field microscope. (b) A confocal point-scanning microscope. Note that for the wide-
field microscope, the excitation light is typical focused at the pupil plane (i.e. the back focal plane) 
of the objective lens for achieving a homogenous excitation pattern at the sample plane (i.e. 
Köhler illumination335). Adapted from Ref.336 with permission. 

The work in this thesis utilised a quasi-confocal Nipkow disk microscope that excites the 

sample with multiple focused laser beams in parallel and the excited fluorescence is 

imaged to an array of detector pinholes in front of a wide-field detector. The parallel laser 

beams are focused by an array of microlenses mounted on a spinning disk and the 

corresponding confocal pinholes are arrayed on a parallel spinning disk, as depicted in 

Figure 1-8. The lenslets and pinholes are arranged on a spiral pattern on the disk so that, 

as it rotates, the focused beams are swept across all the pixels in the field of view. This 
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spinning disk concept was originally proposed by Paul Nipkow to realise a mechanically 

scanned television system and the quasi-confocal scanning optical microscope is often 

described as a “Nipkow disk microscope” or a “spinning disk microscope”. Originally 

the quasi-confocal scanning optical microscope utilised incoherent white light sources 

that illuminated the disk of pinholes and the transmission through the disk was 

inefficient337. The instrument that I have used (Yogogawa Electric Co., CSU-X) utilises 

an array of microlenses to efficiently focus the incident laser beam through the array of 

pinholes338. This approach combines many of the advantages of wide-field imaging 

(faster, less phototoxic due to parallelised pixel acquisition) with laser scanning confocal 

microscopy (optical sectioning).  

 

Figure 1-8 Schematic of a fluorescence microscope set-up employing a spinning-
disk unit 

Adapted from Ref.339 with permission. 

There are many other fluorescence microscopy techniques that can provide optical 

sectioned images, some of which are discussed Refs.340,341. These include multiphoton 
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microscopy, light-sheet microscopy, total internal reflection fluorescence (TIRF) 

microscopy and super-resolved fluorescence microscopy techniques.  

Multiphoton microscopy, which is analogous to laser scanning confocal microscopy, 

utilises multiphoton excitation of the sample where a single excitation photon does not 

have sufficient energy to excite the fluorophore but two or more identical photons arriving 

at the same time can achieve the excitation and resulting fluorescence emission342. The 

efficiency of multiphoton excitation depends on the incident excitation intensity (for two-

photon excitation the fluorescence signal is proprotional to the square of the excitation 

intensity) and, for tightly focused exciation beams, this means that in practice, 

fluorescence is only detected from the focal volume. Thus, multiphoton microscopy 

provides a similar optical sectioning to confocal microcopy (albeit using longer excitation 

wavelengths) but does not need a confocal pinhole in front of the detector and there is no 

fluorescence excited out of the focal plane – this makes it more suitable for imaging in 

biological tissue where the scattering of the fluorescence from the focal volume greatly 

reduces the signal that would pass through a confocal pinhole. The lower excitation 

energy photons are centred at longer wavelengths (typically in the near infra-red) and thus 

they scatter less than the shorter wavelength light used for single-photon excitation, which 

is also beneficial for imaging in biological tissue. To provide the required high intensities 

without thermally damaging the sample, multiphoton microscopy is implemented using 

ultrashort excitation pulse trains with high peak power but low average power. This 

ultrashort pulsed exciation can be exploited for fluorescence lifetime imaging (FLIM – 

see Section 1.3.3). However, multiphoton excitation is less efficient than single photon 

excitation – resulting in slower imaging – and would not be advantageous for imaging 

the yeast cell cultures studied during this project.  

Light sheet microscopy entails illuminating a sample with a thin sheet of light (or a 

scanned laser beam that synthesizes a light sheet) and imaging from a different angle 

(typically 90 degrees) using wide-field detection343. While it is a very powerful technique 

for rapid 3D imaging of cells, most implementations are not suitable for multiwell plate 

imaging. One approach that is compatible with multiwell plate imaging is oblique plane 

microscopy (OPM)344, but this is not commercially available and would have been more 
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difficult to implement than spinning disk microscopy and would have provided lower 

spatial resolution.  

TIRF microscopy entails exciting the sample with an excitation beam that is internally 

reflected at the cell-coverslip interface345. The resulting fluorescence is excited by the 

evanescent wave that only extends ~100 nm into the sample and so TIRF microscopy 

provides images only of the regions of the cell next to the coverslip. TIRF microscopy is 

complicated to set-up, and particularly challenging for an automated multiwell plate 

microscope, and was not thought to provide any significant advantages for this project 

over spinning disk microscopy.  

The recent three decades have witnessed the emergence of a variety of super-resolution 

microscopy (SRM) techniques that surpass the diffraction-limited optical resolution of 

~200 nm, including structured illumination microscopy (SIM), stimulated emission 

depletion (STED) microscopy and single-molecule localisation-based microscopy 

(SMLM) techniques, such as photoactivation localisation microscopy (PALM) and 

stochastic optical reconstruction microscopy (STORM). For a recent review of SRM 

techniques, please refer to Ref.336. Of these SRM techniques, only SMLM can typically 

provide spatial resolution below ~50  nm and this is challenging to achieve in live cells 

and is still insufficient to spatially resolve protein-protein interactions.  

1.3.2 FRET and FRET measurements 

Principles of FRET 

Förster resonance energy transfer (FRET) is a non-radiative energy transfer process that 

can occur between an excited “donor” fluorophore and an “acceptor” fluorophore in the 

ground state when they are in very close proximity such that enegy can be transferred via 

a dipole-dipole interaction. It is named after Theodor Förster, who first proposed its 

existence in 1948346,347. 

The occurrence of FRET depends on a number of factors: 

• the distance between the donor and the acceptor 𝑟; 
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• the overlap between the emission spectrum of the donor and the excitation 

spectrum of the acceptor 𝐽; 

• the orientation factor 𝜅q , which is determined by the relative positions of the 

donor and the acceptor as well as the relative orientations of the transition dipole 

moments of the two fluorophores348; 

• the quantum yield of the donor 𝜂r; 

• the radiative and non-radiative decay rates of the donor in the absence of FRET 

𝑘r? and 𝑘r@?. 

The energy transfer rate of FRET, 𝑘stuv , can be expressed as a function of the above 

parameters: 

𝑘stuv =
(𝑘r? + 𝑘r@?)𝜂r𝜅q𝐽

𝑟w 6
9000ln10
128𝜋z𝑛|𝑁J

7 (1.11) 

where 𝑛  is the refractive index of the medium and 𝑁J  is the Avogadro constant. 

Alternatively, 𝑘stuv  can be re-expressed in a simpler way, as: 

𝑘stuv = (𝑘r? + 𝑘r@?) 6
𝑅Z
𝑟 7

w
(1.12) 

where 𝑅Z is the so-called Förster radius; when a donor and an acceptor are separated by 

a distance of 𝑅Z , 50% of the total decay rate of the excited donor fluorophores is 

contributed by FRET.  
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Figure 1-9 The sixth-power dependence of the FRET efficiency on the donor-
acceptor separation 

The FRET efficiency curve is simulated based on Equation 1.13 for a pair of fluorophores that an 
assumed Förster radium of 5 nm. 

This percentage contribution of FRET to the total donor decay rate is termed “FRET 

efficiency”, 𝐸stuv , which can be expressed as: 

𝐸stuv =
𝑘stuv

𝑘r? + 𝑘r@? + 𝑘stuv
=

𝑅Zw

𝑅Zw + 𝑟w
(1.13) 

Equation 1.12 and Equation 1.13 demonstrate the strong (sixth-power) dependence of the 

FRET efficiency on the separation between the donor and the acceptor fluorophores, 

which is also illustrated in Figure 1-9. As the values of 𝑅Z for typical donor and acceptor 

pairs used for FRET studies are on the order of 5 nm349, FRET enables the identification 

and/or the quantification of (appropriately labelled) protein separations that are on the 

scale of <~10 nm, which is far below the diffraction limited spatial resolution of an optical 

system at ~200 nm. This scale also matches the sizes of typical protein molecules and the 

separations between interacting molecules in biological systems, and therefore has 

resulted in the widespread applications of FRET to study PPIs and protein conformation 

changes350. While a variety of fluorophores have been utilised as FRET pairs in these 
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studies351, fluorescent proteins and fluorescent protein-based biosensors are particular 

attractive, as they can be genetically expressed in cells and are compatible for live cell 

experiments352,353.  

Methods for measuring FRET 

The presence of FRET between fluorophores can be measured using any of the 

fluorescence properties outlined in Section 1.3.1, namely fluorescence intensity, 

fluorescence emission spectrum, fluorescence lifetime, and fluorescence anisotropy354–

356. Such FRET measurements can be implemented in single point spectroscopic 

instruments or in fluorescence microscopes, where maps or images of FRET efficiency 

can be obtained.  

As FRET effectively quenches the donor fluorescence signal by non-radiatively 

transfering the energy from the excited donor to the acceptor, and hence results in 

“sensitised” emission from the acceptor fluorophore, the prescence of FRET can be 

monitored by measuring the intensities of the fluorescence signals from the donor and/or 

the acceptor. This is the foundation of both intensity-based and spectrum-based FRET 

measurements. 

FRET can be detected by measuring only the donor fluorescence in the presence and 

absence of the acceptor molecules and then calculating the FRET efficiency 𝐸stuv  using 

the equation below that can be derived from Equantion 1.4 and Equation 1.13: 

𝐸stuv = 1 −
𝐼rC
𝐼r

(1.14) 

where 𝐼rC  and 𝐼r are the donor fluorescence intensities in the presence and in the absence 

of the acceptor molecules, respectively. These intensity values can be acquired from two 

types of samples, one labelled with both the fluorophores of the FRET pair and the other 

with only the donor fluorophore357, or from a dual-labelled sample before and after 

photobleaching the acceptor molecules358,359. While these methods are conceptually 

simple and can be realised with standard fluorescence microscopes, they have limitations 

in quantifying 𝐸stuv  on a cell-by-cell basis (for the two-sample method) and monitoring 

dynamic changes in 𝐸stuv  (for the acceptor photobleaching method). The acceptor 
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photobleaching typically requires a high-intensity laser beam that may also introduce 

some adverse effects such as phototoxicity. Importantly, these intensity-based FRET 

measurements are sensitive to fluctuations in the excitation power and to spectral “ bleed-

through” of the acceptor fluorescence into the detection channel of the donor fluorescence.  

The FRET-induced sensitised emission from the acceptor can also be used for detecting 

FRET. However, similar to the case above, quantifying this intensity signal is sensitive 

to excitation power fluctuations as well as to spectral cross-talk, which in this case 

includes the donor fluorescence bleed-through into the acceptor channel and the acceptor 

fluorescence directly excited by the excitation radiation for the donor. Sensitised emission 

measurements are often used in combination with the simultaneous measurements of the 

donor fluorescence, e.g. with the donor and acceptor signals separated by a dichroic 

beamsplitter and then measured with two detectors. This type of approach that uses both 

the donor and acceptor signals for quantifying FRET is termed “ratiometric FRET”, and 

has the strength of being robust against excitation power fluctuations. Nevertheless, 

ratiometric FRET measurements still require sophisticated correction of spectral cross-

talk, and cannot quantify the population fraction of FRET-ing donors and/or the true 

FRET efficiency unless information about either one of them is acquired with control 

constructs356,360. Another spectrum-related method for detecting FRET is spectral 

imaging, which entails measuring the full spectrum of the fluorescence emitted from both 

the donor and the acceptor and subsequently unmixing the measured spectra to quantify 

the contributions from the FRET pair361.  

Considering Equation 1.5, FRET provides an additional non-radiative decay pathway for 

excited donor fluorophores, leading to a reduction in the donor fluorescence lifetime upon 

its occurrence. The FRET efficiency 𝐸stuv  can also be expressed in terms of the donor 

fluorescence lifetime, as: 

𝐸stuv = 1 −
𝜏rC
𝜏r

(1.15) 

where 𝜏rC  and 𝜏r are the donor fluorescence lifetimes in the presence and in the absence 

of the acceptor fluorophore. Hence, measuring these two fluorescence lifetime values can 

provide the FRET efficiency. In constrast to the aforementioned intensity-based methods, 
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lifetime-based measurements of FRET are intrinsically ratiometric and therefore are 

insensitive to fluctuations in the excitation power and also to variations in the 

concentrations of the donor and acceptor fluorophores, as well as to the spectral properties 

of both the fluorophores and the instrument, as the donor fluorescence lifetime is 

independent of these parameters. Compared with other methods for measuring FRET, 

fluorescence lifetime measurements can therefore provide more quantitive results, 

including the population fraction of FRETing donor molecules and the FRET efficiency 

when the donor fluorescence decay profile is fitted to an appropriate complex decay 

model. However, this method requires relatively complicated instruments to resolve the 

nanosecond fluorescence lifetimes and it requires many more detected photons than other 

methods if donor fluorescence is to be fitted to complex decay models, which limits the 

measurement speed. This issue can be mitigated by the use of non-fitting-based or global-

fitting-based strategies330,362 as discussed in Section 1.3.3 and Section 3.1.3. The 

implementation of fluorescence lifetime imaging (FLIM) microscopy is described in 

Section 1.3.3.  

Fluorescence anisotropy provides a further means to detect FRET. Specifically, it allows 

the detection of not only hetero-FRET, which occurs between fluorophoes of two 

different species, but also homo-FRET, which occurs between fluorophores of the same 

species356. 

As described in Section 1.3.1, when excited with a linearly polarised light in the donor 

channel, the fluorescence from the donor molecules that have a rotational correlation time 

much longer than the fluorescence lifetime (e.g. fluorescent proteins) should exhibit a 

relatively high fluorescence anisotropy in the absence of FRET, as should the directly-

excited acceptor fluorescence. In the presence of hetero-FRET, which reduces the donor 

fluorescence lifetime and therefore reduces the extent of rotation a donor molecule can 

achieve before fluorescing, the donor fluorescence anistropy should further increase. The 

acceptor fluorescence in such a case would become more depolarised, as FRET can 

enable sensitised emission from acceptor molecules whose dipole orientations are far 

from  the polarisation direction of the light exciting the donor fluorophores363.  

When homo-FRET occurs, both the fluorescence intensity and emission spectrum of the 

single fluorophore species that is both the donor and the acceptor remains unchanged (the 
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fluorescence lifetime is also unchanged unless homo-FRET occurs between two 

conformations of the same fluorophore species that exhibit different fluorescence 

lifetimes). However, the fluorescence anisotropy should show a reduction upon FRET 

and so fluorescence anisotropy provides a unique means to measure homo-FRET364.  

Nevertheless, this approach to FRET measurement is sensitive to polarisation artifacts 

(e.g. depolarisation of the fluorescence by an objective lens with a high numerical 

aperture), requires relatively bright samples (as the emission needs to be split between 

vertical and horizonal components before detection), and usually only provides a 

qualitative indication of the presence of FRET356. Time-resolved fluorescence anisotropy 

measurements can be realised together with fluorescence lifetime measurements on the 

same instrument for more quantitative results365. However, this type of implementation 

shares the same drawbacks of the fluorescence lifetime-based methods, being demanding 

in terms of the instrumentation and the detected photon count.  

1.3.3 Techniques for fluorescence lifetime imaging (FLIM) microscopy 

Fluorescence lifetime-based FRET measurements have found extensive applications in 

microscopic imaging of biological samples. FLIM microscopy techniques can be broadly 

divided into two categories: frequency-domain FLIM and time-domain FLIM. Typical 

implementations of these techniques are introduced below. 

Frequency-domain FLIM 

Frequency-domain FLIM typically involves the excitation of a fluorescent sample with a 

sinusoidally modulated light and the detection of corresponding sinusoidal fluorescence 

emission366. The fluorescence emission is modulated at the same frequency as the 

excitation light, but with changes in magnitude and phase relative to the excitation light, 

due to the delay between excitation and fluorescence emission (Figure 1-10).  
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Figure 1-10 Schematic of frequency-domain FLIM measurements 

Note the changes in the fluorescence emission’s modulation depth and phase relative to those of 
the excitation light. Adapted from Ref.367 with permission. 

According to Figure 1-10, the ratio of the modulation depths of the fluorescence emission 

to that of the excitation, 𝑀, can be calculated as: 

𝑀 =
𝐵 𝑏⁄
𝐴 𝑎⁄

(1.16) 

where 𝐴  and 𝐵  are the amplitudes of the AC components of the excitation and the 

emission, respectively, whereas 𝑎  and 𝑏  are the amplitudes of the respective DC 

components. This ratio allows the calculation of a fluorescence lifetime parameter as: 

𝜏� =
1
𝜔
� 1
𝑀q − 1 (1.17) 

where 𝜔 is the modulation frequency. 

Alternatively, the phase shift ∆𝜙 between the emission and the excitation (illustrated in 

Figure 1-10) can also be used to calculate a fluoresence lifetime parameter, as: 

𝜏� =
1
𝜔 tan

(∆𝜙) (1.18) 
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If the underlying decay of of the fluorescence emission is mono-exponential, the lifetime 

values calculated using the above two equations would be equal. If 𝜏� ≠ 𝜏�, it suggests 

that the fluorescence decay should be described by a complex exponential model. The 

multiple components in a complex decay can be determined by additional measurements 

at different modulation frequencies368. It is also possible to fit single-frequency FLIM 

data to a bi-exponential model using global analysis369,370. It has also been demonstrated 

that  quantitative information about two fluorophore species that each displays a multi-

exponential decay profile can be acquired from a single-frequency FLIM measurement 

using “lifetime unmixing”, given the a priori knowledge of 𝜏�  and 𝜏�  for both 

fluorophore species371. Alternatively, single-frequency FLIM data can be analysed using 

the fit-free phasor approach331,372,373, which discriminates pixels containing different 

fluorophore species by displaying them in a polar plot, where the radial and angular 

coordinates of each pixel are determined by 𝑀 and ∆𝜙.  

Frequency-domain FLIM has predominately been implemented in wide-field microscope 

systems, using the combination of a modulated image intensifier and a CCD camera374,375 

or a modulated CMOS camera376–378 for wide-field detection, and therefore allowing 

rapid data acquisition (in comparison to point-scanning-based FLIM techniques). It has 

also been used in point-scanning confocal379,380 and multiphoton microscopes381,382.  

Time-domain FLIM 

Time-domain FLIM directly measures the fluorescence decay profile.. This type of 

measurement has been realised using a range of techniques, including approaches based 

on streak cameras383,384, fast digitizers385, and time-binned detection386–388, but the most 

commonly used approaches today are time-correlated single photon counting (TCSPC) 

and wide-field time-gated detection, which are discussed below.  
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Figure 1-11 Schematics of the principle behind TCSPC 

Adapted from Ref.367 with permission. 

TCSPC is commonly implemented in laser scanning microscopes and is a point detection 

method using fast electronics that record the arrival time of each detected photon with 

respect to the corresponding single-pulse excitation for the pixel under interrogation366. 

As the probability of the emission of a single photon after an excitation pulse essentially 

reflects the fluorescence decay profile from a population of simultaneous excited 

fluorophores, repeatedly recording the arrival times of these single-photon events over 

multiple excitation pulses can generate a histogram whose envelope is the fluorescence 

decay profile, from which fluorescence lifetime information can be extracted (Figure 

1-11). Practically, the excitation power from the pulsed excitation source needs to be set 

such that, on average, less than one photon is detected per excitation pulse (the typical 

number is less than 1 photon for every 100 excitation pulses), in order to avoid the pulse 

pile-up effect, which distorts the measured decay profile, as most current TCSPC 
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hardware has a dead time after the arrival of the first detected photon from each excitation 

pulse during which no further phtoons will be detected389,390. Together with the need to 

sequentially acquire the data from all the pixels in a field-of-view (FOV) in a typical 

laser-scanning microscope set-up, this limits the acquisition speed of the TCSPC-based 

FLIM systems. Nevertheless, recent developments in algorithms correcting for the pulse 

pile-up effect391,392, in detectors with shorter dead times393, and in parallelised TCSPC 

detection schemes394,395, have to some extents mitigated the speed issue. TCSPC systems 

are effectively shot-noise limited and utilise every detected photon for building at the 

arrival time histogram. Compared to other FLIM techniques, TCSPC offers the highest 

signal-to-noise ratio (S/N) per detected photon, and is widely considered to be the “gold 

standard” for FLIM measurements366.  

 

Figure 1-12 Schematic of wide-field time-gated FLIM using a gated imaging 
intensifier (GOI) 

Adapted from Ref.396. 

In contrast to TCSPC, time-gated detection is commonly implemented in wide-field 

microscope systems, and therefore can provide much faster readouts because all the pixels 

in the FOV are interrogated simultaneously397. As discussed in detail in Section 3.1.1, 

time-gated FLIM is typically realised with a gated optical intensifier (GOI)398, which 
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effectively functions as an ultrafast shutter that can be switched within 100 ps. In 

combination with a CCD or sCMOS read-out camera, the GOI enables the parallelised 

sampling of the fluorescence decay profiles from all the pixels in a FOV as the “shutter” 

function enables wide-field time-gated images to be acquired at a number of temporal 

delays relative to the excitation pulse, thereby sampling the fluorescence decay profiles, 

as represented in Figure 1-12. Time-gated FLIM is inherently less photoefficient than 

TCSPC because the fluorescence decays are sampled, rejecting photons outside the time-

gate that would otherwise have been detected. This loss of photons can be mitigated by 

using long time-gates, however, noting that the precision of the lifetime measurement is 

determined by the edge of the time-gate rather than its duration – indeed, long time-gates 

provide superior lifetime precision due to the improved S/N399 and this approach has 

demonstrated the ability to resolve lifetime changes with a precison of less than 10 ps400. 

The total FLIM data acquistion time depends on the number of delays at which time-

gated images are acquired. For mono-exponential decays with no background, only two 

time-gate delays are required while, for complex decay profiles, it may be necessary to 

sample the fluorescence decays at up to 10 time gate delays.  

In terms of data analysis, as time-domain FLIM directly samples the fluorescence decay 

profiles, lifetime information can generally be extracted by performing non-linear least 

squares fitting of the measured decay data to a mono-exponential or complex multi-

exponential model, as described in Equation 1.8 and Equation 1.9. Fitting to a complex 

model can provide more quantitative information (e.g. the population fraction of the 

FRETing donor as well as the FRETing and non-FRETing donor fluorescence lifetimes), 

but it requires much more photons to achieve an adequate accuracy401. This issue can be 

largely addressed by employing global fitting-based algorithms, as described in detail in 

Section 3.1.3. Alternatively, Bayesian analysis has been shown to be suitable for 

performing mono- or bi-exponential fittings with low photon counts402,403. Fit-free 

methods like the phasor plot have also been applied to analyse time-domain FLIM data373.  

FLIM implementations for high content analysis (HCA) 

HCA refers to high-thoughput assays that utilise automated imaging to provide data with 

subcellular resolution across a large number of FOVs of biological samples (usually 
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arrayed in multiwell plates) in a single experiment run. They typically provide image-

based readouts based on cell morphology and intracellular localisation of signals and can 

include temporal information when assaying live cells. Automatically imaging a large 

number (typically hundreds to thousands) of FOVs enables experimental parameters, 

such as gene expression or silencing, signalling readouts, or drug application, to be 

systematically varied across cells prepared under near identical conditions and enables 

replicates of each measurement that make it possible to average over various type of noise 

to increase the stastical power of the assay. The automated sample preparation and data 

acquisistion and analysis can also reduce the scope for operator bias in an experiment. 

Since FLIM can provide robust and quantitative readouts of FRET, it is interesting to 

implement FLIM with automated microscopy to realise FLIM HCA. The first automated 

multiwell plate FLIM microscope that enabled FLIM HCA was presented in 2007, based 

on wide-field frequency-domain FLIM404. Wide-field frequency-domain FLIM was 

subsequently utilised in another HCA study that imaged cell arrays on multiwell chamber 

slides prepared by automated reverse transfection405. More recently an automated 

frequency domain FLIM microscope was reported that was assembled using commercial 

components406. 

The first demonstration of time-domain FLIM HCA was reported in 2008 (at Imperial 

College London), utilising wide-field time-gated imaging at a rate of ~20 s per FOV407. 

TCSPC FLIM was later implemented in an automated multiwell plate microscope with 

an imaging speed of ~3 min per FOV following initial fast steady-state fluorescence 

anisotropy imaging that pre-identified “hits” as secondary (quantitative) 

measurements408. The Photonics Group at Imperial College London have continued to 

develop and optimise automated wide-field time-gated FLIM microscope systems for 

HCA399,409–412, and recently presented the open source openFLIM-HCA platform that 

utilises open source µManager413-based software to control automated FLIM HCA data 

acquisition396 and an open source MATLAB-based tool, FLIMfit, for data analysis330. This 

was the starting point for the work reported in this thesis. For a detailed description of 

this platform, please see Section 3.1. 
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1.3.4 Applications of FLIM FRET for studying PPIs in budding yeast 

While FLIM FRET has been applied to a large number of studies on PPIs in fixed or live 

cells (e.g. Refs.414,415), including a few studies utilising FLIM HCA412,416, to the best of 

my knowledge FLIM FRET has not yet found much application to study PPIs in budding 

yeast cells, despite the relative simplicity in labelling endogenous proteins in live yeast 

cells with fluorescent proteins via genetic modifications, and FLIM HCA of yeast cells 

has not been reported. There have been a few reports of manual TSCPC FLIM 

microscopy applied to study PPIs between FP-labelled budding yeast proteins316,417–420. 

In comparison, intensity/spectral-based FRET measurements have been more frequently 

employed in budding yeast-related studies, including some recent ones of the budding 

yeast kinetochore316,317,421.  

1.4 Project aims 

Although the potential of FLIM HCA has previously been demonstrated to identify and 

quantify PPIs, most of the previous work has been undertaken with fixed cells and, where 

fluorescent proteins were used, the FRET constructs have been over-expressed using 

plasmid transfection. Before this project, FLIM HCA had not been applied to study in 

vivo PPIs at the budding yeast kinetochore and it was not clear that it would be possible 

using FP-labelled endogenous proteins of such low copy number. Therefore, the primary 

aim of this project was to develop and validate a FLIM HCA methodology for such 

studies (Chapter 3 and Chapter 4). Then, I aimed to employ this FLIM HCA methodology 

to screen for the interacting partners of a DNA repair protein Rdh54p at the budding yeast 

kinetochore (Chapter 5). Rdh54p is involved in the adaptation of the DDC-induced cell 

cycle arrest in the presence of persistent DNA damage. Because this cell cycle arrest is 

also dependent on the the SAC that is regulated at the kinetochore, and because Rdh54p 

is also constitutively localised at the kinetochore, identifying the interacting partners of 

Rdh54p at the kinetochore may shed light on the exact molecular mechanism governing 

Rdh54p’s function in checkpoint adaptation.  
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Chapter 2. Materials & Methods 

This chapter describes the materials and methods used for the work reported in this thesis. 

2.1 Buffers, media, and solutions 

Table 2-1 summarises the buffers, media, and solutions used for the work reported in this 

thesis. 

Table 2-1 Buffers, media, and solutions 

Name CompositionI Usage 

Luria-Bertani (LB) 
medium 

1% bacto-tryptone, 0.5% yeast extract, 1% NaCl; for 
solid medium add 1.5% bacto-agar 

E.coli growth 
medium 

LB Amp medium LB plus 0.05-0.1 g/L ampicillin 
E.coli growth 
medium for plasmid 
selection 

SOC medium 
2% bacto-tryptone, 0.5% yeast extract, 10 mM NaCl, 
2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM 
glucose 

E.coli 
electroporation 

YPD medium 1% yeast extract, 2% bacto-peptone, 2% glucose; for 
solid medium add 2% bacto-agar 

Yeast growth 
medium 

Synthetic complete 
(SC) medium 

1.7 g/L yeast nitrogen base (without amino acids), 5 g/L 
ammonium sulphate, 109 µM adenine sulphate, 95 µM 
L-arginine sulphate, 95 µM L-histidine HCl, 229 µM L-
isoleucine, 457 µM L-leucine, 164 µM L-lysine HCl, 134 
µM L-methionine, 303 µM L-phenylalanine, 98 µM L-
tryptophan, 166 µM L-tyrosine, 178 µM uracil, 1280 µM 
L-valine, 2% glucose; for solid medium add 2% bacto-
agar 

Yeast growth 
medium 

Synthetic drop-out 
medium SC medium without specific supplement(s) Yeast growth 

medium 

SC/drop-out+ADE 
medium 

SC or drop-out medium with 100 mg/L additional 
adenine sulphate 

Yeast growth 
medium for 
microscopy 

SC/drop-out + 
Hygromycin (HYG) 

SC or drop-out medium without the 5 g/L ammonium 
sulphate, plus 200 mg/L Hygromycin 

Yeast growth 
medium 

                                                

I All dissolved in MilliQ water. 
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TE/LiOAc solution 10 mM Tris-HCl pH7.5, 1 mM EDTA, 100 mM LiOAc Yeast 
transformation 

TE/LiOAc + 40%PEG 
solution 

10 mM Tris-HCl pH7.5, 1 mM EDTA, 100 mM LiOAc, 
40% (weight/volume) PEG3350 

Yeast 
transformation 

SPO solid medium 

20 g/L potassium acetate, 2.5 g/L yeast extract, 1 g/L 
glucose, 2% bacto-agar, and 75 mg/L of each: adenine 
sulphate, L-histidine HCl, L-leucine, L-lysine HCl, L-
methionine, L-tryptophan, uracil 

Yeast sporulation 

Synthetic defined 
(SD) medium 

1.7 g/L yeast nitrogen base (without amino acids), 5 g/L 
ammonium sulphate, 2% glucose; for solid medium add 
2% bacto-agar 

Tetrad scoring for 
mating types 

Smash n’ Grab buffer 1% SDS, 2% Triton X-100, 100 mM NaCl, 10 mM Tris-
HCl pH8, 1 mM EDTA 

Yeast genomic and 
plasmid DNA 
extraction 

TE (1x) buffer 10 mM Tris-HCl pH7.5, 1 mM EDTA 
Yeast genomic and 
plasmid DNA 
extraction 

TAE buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA Agarose gel 
electrophoresis 

GAL -Leu solid agar 
medium 

20% (weight by volume) filter-sterilised galactose 
solution; 
1.7 g/L yeast nitrogen base (without amino acids), 5 g/L 
ammonium sulphate, 41 mg -Leucine amino acid mixII, 
and 20 g/L bacto-agar, dissolved in water by stirring 
and then autoclaved for melting the agar and sterilising. 
NOTE: the two solutions above were mixed by gentle 
stirring when the latter had cooled to 55-60˚C, and then 
the mixture were poured into plates. 

SPI assay 

GAL -Leu 5-FOA solid 
agar medium 

For 1 L medium: 
1.7 g yeast nitrogen base (without amino acids), 5 g 
ammonium sulphate, 41 mg -Leucine amino acid mix, 
30 mg uracil, 750 mg 5-fluoro-orotic acid (5-FOA), and 
2% (weight by volume) galactose, dissolved in 500 ml 
of water by stirring for ~1h at room temperature, filter-
sterilised through a 0.22 µm filter, and placed in 60˚C 
water bath; 
20 g bacto-agar dissolved (melted) in 500 ml of water 
by autoclaving. 
NOTE: the two solutions above were mixed by gentle 
stirring when the latter had cooled to 55-60˚C, and then 
the mixture were poured into plates. 

SPI assay 

 

                                                

II The mix consists of the amino acids and uracil as in a -Leu dropout medium. 
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2.2 Bacterial methods 

2.2.1 Bacterial strain 

The electro-competent E.coli strain ElectroMAX DH10B (Invitrogen, US) was used for 

the bacterial work, which made use of the E.coli cells for the amplification of the yeast 

plasmids used in this thesis. 

2.2.2 E.coli growth conditions 

E.coli cells were incubated at 37˚C in Luria-Bertani (LB) broth (with shaking at 300 rpm) 

or on LB agar. 0.05-0.1 mg/ml ampicillin was added to the liquid or solid media when 

plasmid selection was needed. 

2.2.3 E.coli electroporation 

Electroporation was utilised to transform a plasmid to be amplified into the electro-

competent E.coli cells. For this procedure, first the cells were taken out of the -80˚C 

freezer and thawed on ice, and then 10 µl of the cells were mixed with 5-10 µl of plasmid 

DNA and 20 µl of 10% glycerol. The mixture was transferred into a chilled 2 mm Gene 

Pulser cuvette (Bio-Rad, US), and then electroporated using a Gene Pulser Xcell device 

(Bio-Rad, US) with the settings of 2.5 KV, 200 W, and 25 µF. Immediately after 

electroporation 1 ml of SOC medium was added into the cuvette, and the culture was 

incubated at 37˚C (with shaking at 300 rpm) for 1 hour. 100 µl of the culture was plated 

onto a LB Amp agar plate and incubated overnight at 37˚C for single colonies of the 

transformants containing the plasmid. Finally, a couple of the resulting colonies were 

streaked out on fresh LB Amp plates for further purification. 

2.2.4 Plasmid extraction from E.coli 

For extracting plasmid DNA from the transformed E.coli cells, the cells were grown 

overnight in 5 ml LB Amp cultures and collected by centrifugation for 2 min at 8000 rpm. 

Subsequently, a GeneJET Plasmid Miniprep Kit (Thermo Scientific) was used following 
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manufacturer’s instructions. The extracted plasmid DNA was stored in 4˚C (short-term) 

or -20˚C (long-term). 

2.2.5 E.coli storage 

For long-term storage, 0.7 ml of an overnight LB Amp culture of the transformed E.coli 

strain of interest was mixed with 0.7 ml 50% glycerol in a 2 ml screw cap tube and stored 

in a -80˚C freezer. For short-term storage, the cells were kept on agar plates at 4˚C for up 

to 6 months. 

2.3 Yeast methods 

2.3.1 Yeast strains 

Budding yeast strains used in this project are listed in Table 2-2. All these strains were of 

either W303422 or S288C423 background. 

Table 2-2 Yeast strains used in this project 

Strain GenotypeIII Usage Source 

PT208 MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 

Wildtype 
based on 
W303 

This work 

PT192 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 ASK1-
mTq2FP::HYGMX/ASK1-YFP::HIS3MX6 

FLIM This work 

PT194 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 MTW1-
mTq2FP::HYGMX/MTW1-YFP::HIS3MX6 

FLIM This work 

PT197 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NDC10-
mTq2FP::HYGMX/NDC10-YFP::HIS3MX6 

FLIM This work 

PT244 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 SPC24-
mTq2FP::HYGMX/SPC24  

FLIM This work 

                                                

III Genotypes listed once are homozygous. 
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PT258 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 ASK1-
mTq2FP::HYGMX/ASK1  

FLIM This work 

PT260 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 MTW1-
mTq2FP::HYGMX/MTW1 

FLIM This work 

PT261 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NDC10-
mTq2FP::HYGMX/NDC10  

FLIM This work 

PT266 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 ASK1-
mTq2FP::HYGMX/ASK1 NDC10-
YFP::HIS3MX6/NDC10 

FLIM This work 

PT267 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 SPC24-
mTq2FP::HYGMX/SPC24 SPC25-YFP::HIS3MX6 

FLIM This work 

PT268 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 MTW1-
mTq2FP::HYGMX/MTW1 CTF19-YFP::HIS3MX6 

FLIM This work 

PT269 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 MTW1-
mTq2FP::HYGMX/MTW1 NDC10-YFP::HIS3MX6 

FLIM This work 

PT270 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NDC10-
mTq2FP::HYGMX/NDC10 ASK1-YFP::HIS3MX6 

FLIM This work 

PT273 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NDC80-
mTq2FP::HYGMX/NDC80 NUF2-YFP::HIS3MX6/NUF2 

FLIM This work 

PT276 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NUF2-
mTq2FP::HYGMX/NUF2 ASK1-YFP::HIS3MX6/ASK1 

FLIM This work 

PT278 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NDC80-
mTq2FP::HYGMX/NDC80  

FLIM This work 

PT279 
MATa/MATa ADE2 RAD5 TRP1/trp1-1 LYS2/lys2∆ 
his3-11,15 leu2-3,112 ura3-1 can1-100 NUF2-
mTq2FP::HYGMX/NUF2  

FLIM This work 

PT286 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 CTF19-GFP:HIS3MX6/CTF19 
RDH54-mCherry::HYGMX/RDH54 

FLIM This work 

PT287 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 CTF19-GFP:HIS3MX6/CTF19 FLIM This work 

PT288 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 OKP1-GFP:HIS3MX6/OKP1 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT289 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 OKP1-GFP:HIS3MX6/OKP1 FLIM This work 
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PT290 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 MCM21-GFP:HIS3MX6/MCM21 
RDH54-mCherry::HYGMX/RDH54 

FLIM This work 

PT291 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 MCM21-GFP:HIS3MX6/MCM21 FLIM This work 

PT292 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 AME1-GFP:HIS3MX6/AME1 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT293 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 AME1-GFP:HIS3MX6/AME1 FLIM This work 

PT294 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NDC80-GFP:HIS3MX6/NDC80 
RDH54-mCherry::HYGMX/RDH54 

FLIM This work 

PT295 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NDC80-GFP:HIS3MX6/NDC80 FLIM This work 

PT296 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NUF2-GFP:HIS3MX6/NUF2 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT297 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NUF2-GFP:HIS3MX6/NUF2 FLIM This work 

PT298 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 SPC24-GFP:HIS3MX6/SPC24 
RDH54-mCherry::HYGMX/RDH54 

FLIM This work 

PT299 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 SPC24-GFP:HIS3MX6/SPC24 FLIM This work 

PT300 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 SPC25-GFP:HIS3MX6/SPC25 
RDH54-mCherry::HYGMX/RDH54 

FLIM This work 

PT301 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 SPC25-GFP:HIS3MX6/SPC25 FLIM This work 

PT302 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 ASK1-GFP:HIS3MX6/ASK1 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT303 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 ASK1-GFP:HIS3MX6/ASK1 FLIM This work 

PT304 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 DAD1-GFP:HIS3MX6/DAD1 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT305 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 DAD1-GFP:HIS3MX6/DAD1 FLIM This work 

PT306 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 DAD3-GFP:HIS3MX6/DAD3 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT307 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 DAD3-GFP:HIS3MX6/DAD3 FLIM This work 
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PT308 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 CEP3-GFP:HIS3MX6/CEP3 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT309 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 CEP3-GFP:HIS3MX6/CEP3 FLIM This work 

PT310 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NKP2-GFP:HIS3MX6/NKP2 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT311 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 NKP2-GFP:HIS3MX6/NKP2 FLIM This work 

PT312 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 MTW1-GFP:HIS3MX6/MTW1 RDH54-
mCherry::HYGMX/RDH54 

FLIM This work 

PT313 MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 MTW1-GFP:HIS3MX6/MTW1 FLIM This work 

PT314 
MATa/MATa his3∆1 leu2∆0 ura3∆0 LYS2/lys2∆0 
MET15/met15∆0 SPC24-GFP:HIS3MX6/SPC24 
SPC25-mCherry::HYGMX/SPC25 

FLIM This work 

W8161-2B MATa ADE2 RAD5 LYS2 trp1-1 his3-11,15 leu2-3,112 
ura3-1 CEN1-16::Gal-KI-URA3 SPI Ref.424 

GFP library MATa his3∆1 leu2∆0 met15∆0 ura3∆0 XXX-
GFP::HIS3MX6 SPI Ref.425 

E211 MATa cyc3-3 his1 Mating type 
tester This work 

PT163-11A MATa ADE2 HIS1 LEU2 URA3 TRP1 LYS2 Mating type 
tester This work 

 

2.3.2 Yeast growth conditions 

Yeast cells were typically grown in either rich YPD or synthetic drop-out media (with 

2% glucose as the carbon source) unless stated otherwise. Cells growing on agar plates 

were incubated at 30˚C, whereas liquid cultures were incubated at 30˚C with shaking at 

300 rpm. To select for cells with hygromycin resistance, 200 µg/ml hygromycin B 

(Roche, Switzerland) was added to the appropriate growth media. Cells for microscopy 

were grown overnight at 23˚C as liquid cultures in either synthetic complete (SC) or 

synthetic drop-out (e.g. for maintaining plasmids) media, with an additional 100 mg/ml 

adenine for suppressing autofluorescence originating from phosphor-ribosyl-amino-

imidazole. 
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2.3.3 Yeast transformations 

Yeast transformations for introducing exogenous DNA for genomic integration, for 

introducing plasmid DNA, or for gap repair ligation of plasmids were performed using a 

high-efficiency lithium acetate (LiOAc) method426. 

For one transformation for genomic integration, the strain to be transformed was grown 

overnight in a liquid culture of YPD (or a drop-out medium when necessary) at 30˚C 

(with shaking). The overnight culture was diluted 100-fold in 50 ml of fresh medium and 

grown for another ~3-5 hr until the optimal culture density was reached (OD600 = ~0.5-

0.7). The cells were then harvested by centrifugation for 5 min at 4000 rpm, and the 

resulting cell pellet was washed with 10 ml TE/LiOAc solution. The cells were harvested 

again by centrifugation for 5 min and the resulting cell pellet was resuspended in 600 µl 

TE/LiOAc. Next, 200 µl of these cells were mixed with 150 µg (15 µl) salmon sperm 

DNA (Sigma-Aldrich, US), 200-500 ng of the transforming DNA, and 700 µl of the 

solution TE/LiOAc + 40% PEG (polyethylene glycol, average molecular weight 3350 

g/mol). The mixture was incubated at 30˚C for 30 min, and then heat shocked at 42˚C for 

15 min. After heat shock, the transformed cells were either directly plated onto 

appropriate selection medium or, if drug selection was needed, the cells were collected 

by centrifugation, resuspended in YPD (or a drop-out medium when necessary), and 

incubated at 30˚C (with shaking) for an additional 2-4 hr before plating on appropriate 

selection medium. The transformed-cell plates were incubated at 30˚C for 2-3 days. 

Transformations for introducing plasmid DNA into yeast cells were done using a scaled-

down version of the procedure described above, with reduced amounts of cells (30 µl), 

salmon sperm DNA (50 µg, i.e. 5 µl), plasmid DNA (50-100 ng), and TE/LiOAc + 40% 

PEG (140 µl). Approximately, 50µl of this small-scale transformation was plated onto 

selection medium. 

Transformations for gap repair ligation were also done in a similar manner as for genomic 

integration. The only differences were that instead of adding in 200-500 ng of the 

transforming DNA, ~50 ng of the cut plasmid and ~50 ng of the DNA insert were added; 

150 µl of this transformation was plated. 
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2.3.4 Yeast crosses 

Yeast crosses were performed by mating two haploid yeast strains of opposite mating 

types (MATa and MATa, respectively) together on YPD to create a diploid strain. For 

selection of the resulting diploids, the two haploid strains contained different auxotrophic 

markers, e.g. one with MATa trp1-1 LYS2 and the other with MATa TRP1 lys2∆. Thus, 

the resulting diploid cells were selected on a plate of the appropriate medium, e.g. a -Trp 

-Lys plate, at 30˚C for two days via replica plating. Single colonies were further purified 

by steaking out onto the appropriate medium and incubated at 30˚C for another 2 days. 

2.3.5 Yeast sporulations, tetrad dissections, and scoring the tetrads 

Yeast sporulations were achieved by patching single colonies of diploid yeast cells onto 

sporulation (SPO) solid medium and incubating the cells at 30˚C for at least 3 days until 

the formation of tetrads, i.e. asci each containing four haploid spores.  

For dissection, the tetrads were then picked from the SPO plate and suspended in 100 µl 

5% glusulase enzyme at room temperature for 5 min to digest the walls of the asci. After 

the digestion, 10 µl of the tetrads were pipetted onto a line in the centre of a YPD plate 

and allowed to dry for a few minutes. The tetrads were then dissected into sets of 4 

individual spores on the YPD plate via micromanipulation using an MSM300 dissection 

microscope (Singer Instruments, UK). The plate was incubated at 30˚C for 2-3 days for 

colony formation. 

The dissected tetrads were scored by replica plating. The colonies of the spores were 

replica plated onto several selection plates, each for one auxotrophic or drug resistance 

marker of interest. To score for the mating types, the colonies of the spores were first 

mated with the two mating type testers (E211 and PT163-11A) respectively via replica 

plating and overnight incubation at 30˚C, and then replica plated again onto synthetic 

defined (SD) medium and incubated at 30˚C overnight for new colony formation. 
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2.3.6 Yeast genomic and plasmid DNA extraction 

The “Smash n’ Grab” method427 was mainly employed in my project for extracting yeast 

genomic and plasmid DNA. Yeast cells were first collected from 3 ml of overnight yeast 

culture in YPD by centrifugation at 4000 rpm for 5 min and discarding the supernatant. 

The pellet was resuspended in 200 µl Smash n’ Grab buffer, and then mixed with 200 µl 

phenol/chloroform (Invitrogen, US) and 250 µl glass beads (0.4-0.5 mm in diameter) 

(Sigma-Aldrich, US). The mixture was vortexed for 2 min to break up the cells and 

subsequently centrifugated at 4˚C and 13000 rpm for 10 min to precipitate the cell debris. 

After centrifugation, 100 µl of the supernatant was transferred to a new Eppendorf tube 

together with 200 µl of phenol/chloroform, vortexed again for 2 min, and then 

centrifugated again at 4˚C and 13000 rpm for 10 min. 50 µl of the resulting supernatant 

was transferred onto a nitrocellulose membrane filter disc (0.025 µm) (Millipore, US) 

and dialysed against TE for 20 min, before being transferred into a new Eppendorf tube 

for storage at -20˚C. 

2.3.7 Yeast storage 

Yeast cells on agar plates were routinely stored at 4˚C. Cells on rich YPD plates were 

kept for up to 6 months, whereas when on synthetic plates they were kept for only ~1 

month. For long term storage, 0.7 ml of an overnight YPD (or an appropriate drop-out 

medium) culture of the yeast strain of interest was mixed with 0.7 ml 50% glycerol in a 

2 ml cryo tube and then stored at -80˚C. 

2.4 Molecular biology methods 

2.4.1 Polymerase chain reaction (PCR) 

Q5-High fidelity polymerase (New England BioLabs, US) was used for high-fidelity 

PCRs whereas DreamTaq Green master mix (Thermo Scientific, US) was used for 

diagnostic PCRs. Both types of reactions were run in T100 Thermal Cyclers (Bio-Rad, 

US) following the manufacturer’s instructions. 
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Primers for PCRs were designed using the software tool SeqBuilder (DNASTAR, US) 

and ordered from Sigma-Aldrich. DNA templates used for PCRs were typically yeast 

genomic DNA, plasmid DNA, DNA fragments from other PCRs, or synthesised DNA 

fragments ordered from GeneArt Strings (Thermo Fisher Scientific, US). 

PCR products were purified using a GeneJET PCR Purification Kit (Thermo Scientific, 

US) following manufacturer’s instructions. After purification, the DNA concentrations 

of the products were measured using a NanoVue Plus spectrophotometer (General 

Electric, US). 

2.4.2 Agarose gel electrophoresis 

DNA gel electrophoresis was performed using 0.5-1.5% agarose gels (Invitrogen, US) 

made in TAE buffer. To stain the DNA, 0.1 µl/ml GelRed Nucleic Acid Gel Stain 

(Biotium, US) was added to the molten agar before casting. PCR products or other DNA 

fragments were loaded into separate wells on the gel after being mixed with 10x loading 

dye, alongside with the 1kb Gene Ruler DNA ladder (Thermo Scientific, US), and were 

run on a mini horizontal submarine Hoefer HE33 unit (Amersham Biosciences, UK) at 

90 V with TAE buffer for 30-60 min. The resulting DNA bands were visualised using a 

Bio-Doc-It UV imaging system (UVP LLC, US). 

2.4.3 DNA extraction from agarose gels 

After agarose gel electrophoresis, sometimes DNA fragments in bands of the intended 

sizes were extracted from the gel, using a GeneJET Gel Extraction Kit (Thermo 

Scientific, US) following manufacturer’s instructions. 

2.4.4 Plasmid construction 

Plasmids used in this project were listed in Table 2-3.  
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Table 2-3 Plasmids used in this project 

Plasmid GenotypeIV Usage Source 

pWJ1512 pCUP1 LEU2 Donor plasmid Ref.424 

pX22 pCUP1 LEU2 RDH54-YFP SPI This work 

pHT4 pCUP1 LEU2 GBP-RFP SPI Ref.428 

pHT38 pCUP1 LEU2 RDH54-GBP-RFP SPI This work 

pHT39 pCUP1 LEU2 rdh54_AA-GBP-RFP SPI This work 

pHT627 pCUP1 LEU2 rdh54_K318R-GFP-RFP SPI This work 

pHT446 pCUP1 LEU2 ASK1-mTurquoise2-YFP FLIM This work 

pHT448 pCUP1 LEU2 MTW1-mTurquoise2-YFP FLIM This work 

pHT449 pCUP1 LEU2 NDC10-mTurquoise2-YFP FLIM This work 

pHT522 pCUP1 LEU2 SPC24-mTurquoise2-YFP FLIM This work 

 

The constructions of the plasmids made during this project were performed mainly via 

yeast transformations for gap repair (see Section 2.3.3). The sequence of each plasmid 

was first designed using the software tool SeqBuilder (DNASTAR, US), incorporating 

both the sequence of the donor plasmid pWJ1512 cut at the HpaI site and that of the DNA 

insert. Next, the DNA insert was acquired either via a PCR reaction or as a GeneArt 

Strings DNA fragment (Thermo Fisher Scientific, US), and then transformed into a yeast 

strain together with the donor plasmid cut by the restriction enzyme HpaI (New England 

BioLabs, US) for gap repair ligation in the yeast cells. Cells containing the gap repaired 

plasmids were selected on -Leu drop-out solid medium, and then the plasmids were 

extracted from the yeast cells, cloned in and amplified in E.coli, and transferred back into 

an appropriate yeast strain as described earlier in Sections 2.3.6, 2.2.3, 2.2.4, 2.3.3. 

                                                

IV All have ARS209, CEN6, and AMP. 



 85 

2.5 Synthetic physical interaction (SPI) assays 

2.5.1 Introduction 

The SPI method was primarily developed in the Thorpe Lab by Dr. Guðjón Ólafsson and 

Dr. Peter Thorpe for large-scale screens of protein-protein associations that affect the 

growth of cells when forced429. In an SPI assay, a protein of interest, i.e. a target protein, 

is artificially tethered to a collection of GFP-tagged query proteins, respectively, via the 

use of a GFP binding protein (GBP, also known as nanobody, nanotrap, or chromobody 

when fused with a fluorescent protein)430,431 that is endogenously tagged to the target 

protein. The GBP is a heavy-chain antibody derived from the lymphocytes of alpacas 

Lama pacos. It is small in size (11-13 kDa, as compared to the 27 kDa for GFP) and binds 

to GFP with high specificity and high affinity in vitro (Kd < 1 nM)430, making it possible 

to associate the GBP to endogenous GFP-tagged proteins in vivo and to study the resulting 

phenotypes in terms of cell growth. An artificial association of two proteins that perturbs 

cell growth is termed a Synthetic Physical Interaction or SPI. Making use of the ROTOR 

robotic pinning platform (Singer Instruments Ltd., UK) together with the budding yeast 

GFP library consisting of >4000 strains432, in each of which a different open-reading 

frame in the yeast genome is fused with GFP (S65T)433, the SPI method allows the 

systematic assessment of the cell growth phenotype when a GBP-labelled target protein 

is artificially and respectively associated with most of the proteins in the yeast proteome. 

2.5.2 Materials, strains, and equipment for SPI assays 

Media and solutions 

Media and solutions used for SPI assays are summarised in Table 2-1. All solid media 

were made in Singer Plus square plates (Singer Instruments Ltd., UK) that are designed 

to be used on the ROTOR robotic pinning platform (see below). 

Yeast strains and plasmids for SPI assays 

A subset of the GFP collection of yeast strains was used in the SPI experiments425, 

alongside the universal donor strain (UDS) W8161-2B. The genotypes for these strains 
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are provided in Table 2-2. The use of the UDS made it possible to perform selective 

ploidy ablation (SPA)424, as each of the 16 chromosomes contain a counter-selectable 

URA3::GAL promoter cassette434 upstream of its centromere. All these chromosomes can 

be eliminated by selecting with galactose and 5-FOA, and therefore the diploid cells 

resulting from the mating of a strain in the GFP collection and the UDS can be reverted 

back to haploid cells, retaining only the GFP-tagged allele. Alternatively, the diploid cells 

can be maintained by growing the cells on -His -Leu media (for selecting the GFP gene 

and the plasmid of interest) with glucose as the carbon source. In this way, the cells will 

contain an untagged allele of the GFP-tagged gene, and any growth defect will reveal the 

dominant effect of the SPI.  

 

Figure 2-1 Schematic of the plasmids used for a typical SPI assay 

(a) A control plasmid expressing only the GBP construct labelled with RFP. (b) A control plasmid 
expressing only the target protein without GBP-RFP. (c) A “fusion plasmid” expressing the target 
protein labelled with GBP-RFP. 

Single copy CEN plasmids based on pWJ1512424 were transferred into the UDS W8161-

2B, for the SPI assays, as listed in Table 2-3. As illustrated in Figure 2-1, two or three 

types of plasmids were used for each SPI assay: one “fusion plasmid”, expressing a target 

protein of interest fused to a GBP and a red fluorescent protein, and separately one or two 

“control plasmids”, expressing either the same target protein alone (with no GBP or RFP) 

or only the GBP-RFP construct (without the target protein). Expressions of the constructs 

from the plasmids were driven by a CUP1 promotor, which is a constitutively active 

promoter435. All plasmids contained a LEU2 gene for selection. 
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Pinning robot 

A ROTOR robotic pinning platform (Singer Instruments Ltd., UK) was used for copying 

colonies in a high-throughput format, including mating the GFP collection of strains with 

a lawn of the UDS. Using this platform and sterile pins, yeast colonies can be pinned into 

96-, 384-, or 1536-arrays on rectangular agar plates, and it is straightforward to convert 

between different array formats. For all the assays reported here, collections of strains 

stored in different array formats were all first converted into the 1536-array format. For 

the initial proteome-wide screen for Rdh54p SPIs, each strain was pinned with 4 

replicates, whereas for the subsequent validation screens 16 replicates were used. 

Plate imaging 

Prior to data analysis, plates containing the final colonies of strains were scanned using a 

desktop flatbed scanner (Epson V750 Pro, Seiko Epson Corporation, Japan) at 300 dpi 

(dots per inch) resolution in transmission mode, with the plate lids removed and the plates 

placed upside down in the scanner. The resulting images were saved in the .tiff format 

for the subsequent analysis using the ScreenMill software. 
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2.5.3 Procedures for a typical SPI assay 

 

Figure 2-2 The key steps for a typical SPI assay 

Please refer to the main text for detailed descriptions of these steps. Adapted from Ref.429 with 
permission. 
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Figure 2-3 Exemplar SPI data 

(a) Exemplar images of plates in a proteome-wide SPI screen. (b) Exemplar results for a validation 
SPI assay with 16 replicates for each GFP strain. Adapted from Ref.429 with permission. 

Figure 2-2 illustrates the key steps for a typical SPI assay. The detailed procedures 

performed were given below: 

1. Prepared the rectangular plates containing arrays of GFP strains and, separately, 

a lawn of each plasmid in the UDS: 

o In the Thorpe lab, a copy of the GFP collection of strains is routinely 

stored at 4 ˚C on rectangular YPD agar plates, with 384 strains on each 
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plate (1 colony for each strain). At the start of the proteome-wide SPI 

assay, these strains were copied onto fresh rectangular YPD plates by 

pinning them into the 1536-array format, i.e. with 4 replicates of each 

strain on each plate (Figure 2-3a). For the validation SPI assays, the 

selected strains were picked from the GFP collection and pinned also into 

the 1536-array format, but with 16 replicates for each strain (Figure 2-3b). 

The new plates were incubated at 30˚C overnight for colonies to form. 

o 5-10 ml -Leu liquid cultures were set up for the UDSs, each containing a 

separate plasmid for the SPI assay (e.g. the ones in Figure 2-1), and were 

incubated with shaking at 30˚C overnight. Cells in the overnight cultures 

were collected by centrifugation at 4000 rpm for 5 min, and were then 

respectively resuspended in ~400 µl of growth media and plated onto YPD 

plates by using 4 mm sterile glass beads to evenly spread the cells across 

each plate. The plates were kept in 30˚C overnight for the lawns to grow. 

Note that each lawn can be used to mate with 4 plates of GFP strains; when 

there were more GFP strains, more lawns were made. 

2. Mixed each GFP strain with the UDS containing one plasmid to allow them to 

mate: 

o The GFP strains from last step were copied onto fresh YPD plates. 

o Cells from each UDS lawns were overlaid respectively onto the GFP 

strains on the new plates by pinning in the same way. 

o The new plates were incubated at 30˚C for 6-7 h to allow the cells to mate. 

3. Performed SPA: 

o Colonies on the “mating” plates were copied on GAL -Leu plates and 

incubated at 30˚C for 24 h, for counter-selecting the conditional 

chromosomes from the UDS. 

o The resulting colonies were copied again onto GAL -Leu 5-FOA plates to 

further eliminate the conditional chromosomes. 

o These final plates were incubated at 30˚C for 24-72 h, until colonies of 

appropriate sizes were formed. 

o NOTE: for screening SPIs in diploid cells, instead of performing SPA, the 

mated colonies were first copied directly onto -His -Leu plates, incubated 
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at 30˚C for 24 h, and then copied again onto -His -Leu plates and further 

incubated for ~24 h (depending on colony sizes) before plate imaging. 

4. Imaged the final plates using the scanner. 

2.5.4 Quantitative data analysis 

The sizes of the colonies on the plates imaged were quantitatively analysed in order to 

identify SPIs, i.e. forced protein interactions that appeared to affect cell growth when 

compared with either or both of the control groups (GBP only and target protein only). 

The analysis was done following the procedures below: 

1. Colony sizes from each plate image were first extracted using the “CM engine” 

(Colony Measurement engine), which is a freely available ImageJ plug-in and part 

of the ScreenMill software suite436. The engine was run using standard settingsV. 

For each assay the output was a “log file”, which contained the information on the 

size (in pixels), the circularity, and the location coordinates for each colony on all 

the plates in the assay. 

2. The log file was then processed using a PERL script, to extract the information 

for each pair of plates whose colony sizes were to be compared, i.e. the experiment 

plate (containing cells with the fusion plasmid) and the control plate (containing 

cells with either of the control plasmids). The information for each pair was saved 

as a .txt file. 

3. The .txt files from the previous step were loaded respectively into the DR engine 

(Data Review engine) of the ScreenMill software suite (available online: 

http://www.rothsteinlab.com/tools/screen_mill/dr_engine_set-up), to compare 

the colony sizes on the experiment and the control plates. The locations of each 

strain containing the same GFP-tagged gene were the same on both plates. For the 

validation assays, there were also some non-GFP control strains added onto 

certain positions identical on both plates, which were used for normalising the 

                                                

V Fine-crop Mode: Automatic; Colony Measurement Method: Standard; Plate Density: 1536; Running 
Mode: Standard. 
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colony sizes against inter-plate variations irrelevant of SPIs (for the proteome-

wide assay the normalisation was performed using the median colony size for 

each plate instead). A “key file” containing information on the position of each 

strain on each plate was loaded into the DR engine, which was then run using the 

default settingsVI. The output was a spreadsheet reporting the relative cell growth 

for strains containing each GFP-tagged query protein after forcing the interaction 

between the query protein and the target protein compared with the GBP-only or 

target protein-only controls. This relative growth was reported as both the z-score 

and the log growth ratio (LGR). 

4. The z-score for each strain was calculated based on the mean and the standard 

deviation of all relative colony sizes for all the strains across the assay, under the 

assumption that those colony sizes are normally distributed. Empirically, this 

assumption is generally true for proteome-wide assays, and therefore, in this thesis, 

z-scores were used for reporting the results for the Rdh54p proteome-wide SPI 

assay. By definition, higher z-scores indicate stronger growth defects; a z-score 

of 2 or greater corresponds to the top 5% of all LGRs. 

5. The LGR is the natural log of the ratio of the average colony size of a strain on 

the control plate(s) and the average colony size of the same strain on the 

experiment plate. Similar to the z-score, the higher the LGR, the stronger the 

growth defect. By assuming that yeast colonies are hemispheres, it has been 

theoretically calculated that a LGR of 0.5 suggests that there are 110% more cells 

on the control plate(s) than on the experiment using the formula 𝐶/𝐸	 = 	 𝑒�.zR�t  

(C: number of cells on the control plate(s); E: number of cells on the experiment 

plate). 

6. For the proteome-wide results, a smoothing algorithm was used to adjust the z-

scores by normalising the row/column medians towards the plate median, 

respectively, so as to correct for the spatial anomalies across each plate (e.g. 

colonies growing larger at one side of the plate due to the agar being uneven). The 

PERL script can be downloaded on http://www.source-

                                                

VI Statistical Test settings: Normal Distribution; Do not Bonferroni correct p-values. Data Normalisation 
Method: Plate Median (for the genome-wide assay) or Designated Controls (for the validation assays). 
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forge.net/projects/zspatialcorrect/files/spatial1_0.plx/download. For the 

validation assays this smoothing step was not performed, as most of the strains on 

the plates exhibited growth defects and therefore could not be normalised using 

medians.  

2.6 Fluorescence microscopy 

2.6.1 Wide-field fluorescence microscopy 

A Zeiss Axioimager Z2 microscope (Carl Zeiss AG, Germany) was used to perform wide-

field fluorescence imaging of fluorescently-labelled yeast cells. In addition to the frame, 

the microscope system comprises of a Colibri LED light source (Carl Zeiss AG, 

Germany), several Zeiss filter-sets for imaging in various spectral channels, a DIC prism, 

a 63x 1.4NA Plan-Apochromat objective lens (Carl Zeiss AG, Germany), and an Orca 

ER II CCD camera (Hamamatsu, Japan). Fluorescence microscopy was mainly 

performed in the blue (CFP), green (GFP), and yellow (YFP) channels, and the 

corresponding filter sets used were Zeiss filter sets 47HE (excitation BP 436/25, dichroic 

FT 455, emission BP 480/40), 38HE (excitation BP 470/40, dichroic FT 495, emission 

BP 525/50), and 46 (excitation BP 500/20, dichroic FT 515, emission BP 535/30), 

respectively. The CCD camera was set for 2x2 binning, and the corresponding effective 

pixel size in the sample plane was ~205 nm. 

Instead of performing quantitative imaging, I mainly used the widefield microscope for 

checking whether fluorescent kinetochore foci could be seen after tagging a kinetochore 

protein gene with a fluorescent protein gene by yeast transformation, and for examining 

the colocalisation of the GFP-tagged query protein and the GBP-RFP-tagged target 

protein in strains resulting from SPI assays. For both purposes, a 5 ml liquid SC+ADE or 

-LEU+ADE culture was prepared for each strain by transferring a small colony of cells 

from an agar plate to the liquid medium and then incubating overnight at 23˚C with 

shaking. On the next day, ~200 µl of the overnight culture was diluted into 5 ml fresh 

culture medium and further incubated for ~3 h at 23˚C with shaking. The cells were then 

harvested by centrifugation at 4000g for 5 min, discarding most supernatant, and 
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resuspending the cells in the remaining liquid. Finally, ~3 µl of the liquid was transferred 

onto a microscope slide and then covered with a 22 mm coverslip of #1.5 thickness for 

the subsequent examination using the microscope. 

2.6.2 Fluorescence lifetime imaging microscopy (FLIM) 

As a major part of my project, I developed a methodology for performing high-content 

analysis on interactions between endogenously-labelled proteins at budding yeast 

kinetochore using wide-field time-gated FLIM. Please refer to Chapter 3 for a detailed 

description of the method.  
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Chapter 3. OpenFLIM-HCA for studying in vivo 
interactions between endogenously labelled 
proteins at budding yeast kinetochores 

This chapter reports the high content analysis (HCA) methodology developed in this 

project for studying the interactions between proteins endogenously labelled with 

fluorescent proteins (FPs) at the kinetochores of live budding yeast cells utilising wide-

field time-gated FLIM to read out FRET between the fluorophores. The first section 

reviews the open source platform, “openFLIM-HCA”, for automated multiwell plate 

wide-field time-gated FLIM imaging and the subsequent FLIM data analysis using 

“FLIMfit”, which has been primarily developed by previous members in the Photonics 

Group at Imperial College London330,396,437,438. The second section discusses the 

challenges encountered when applying FLIM HCA to fluorescently-labelled endogenous 

kinetochore-associated proteins expressed in live yeast cells. The subsequent sections 

describe the modifications I made to the openFLIM-HCA platform, in terms of the 

instrumentation as well as the data acquisition and analysis processes, in order to address 

the challenges of live cell yeast kinetochore FLIM analysis and optimise the platform for 

this specific task. Part of the work presented here has been published439. 

3.1 Introduction to openFLIM-HCA 

Assays utilising fluorescence microscopy of biological samples, including fluorescence 

intensity and lifetime measurements, are inevitably compromised by various types of 

noise440. These include and are not limited to: 

• Biological noise:  

o Arising from factors that introduce inhomogeneity in the fluorescence and 

biological signals of interest, e.g. the expression level of the target 

construct, the labelling or maturation efficiency of the fluorescent marker, 

the local physical and biochemical environment, and the spatial and 
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temporal contexts of the biological signal of interest (e.g. dynamic 

changes in protein positions and protein interactions); 

o Arising from background signals in the regions of interest (ROIs) or from 

the corresponding out-of-focus regions that can overlap with signals from 

the ROIs when imaged, e.g. background fluorescence from freely-

diffusing fluorophores as opposed to those localised to the ROIs, and 

autofluorescence from (unlabelled) components in a cell or in the imaging 

medium. Note that, while the background can be subtracted during 

analysis, this subtraction can at best remove the mean offset introduced by 

the background but not the noise.  

• Instrumental noise: 

o Arising from noise inherently associated with the instruments in a 

microscope set-up, e.g. scattered excitation light arriving at the 

photodetector, background fluorescence generated by components in the 

optical path, thermal noise and read noise introduced by the photodetector 

and other electronic components, and the shot noise inevitably arising 

from the stochastic quantum nature of an incident photon flux.  

• Experimental noise: 

o Arising from unwanted variations in experimental conditions, such as. 

short-term and long-term variation of the excitation power, environmental 

changes (e.g. temperature, ambient light, vibrations) and the sample 

conditions such as pH, culture density, etc., that can occur within one 

experiment or between repeated experiments.  

• Operator bias 

o Arising from the subjective selection of data for analysis, e.g. rejecting 

measurements that appear to be wrong or focusing on measurements that 

appear to have “worked well”.  

The presence of significant noise can affect the precision and accuracy of measurements 

of the fluorescence parameter of interest (e.g. intensity, lifetime, or polarisation), leading 

to broadening or shifts in the distribution of the measured data. This can limit the ability 

to distinguish differences between results from different samples via inferential statistics. 
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Besides specific methods to minimise the impact of the various sources of noise, 

automated HCA offers a means to improve the statistical robustness of assays, as 

compared to manual microscopy experiments, through the unsupervised acquisition of 

many fields of view (FOVs) for each sample in a reasonable time for a single experiment 

in which the various experimental conditions can be reasonably expected to be constant. 

A large number of FOVs for each sample can facilitate the averaging of random noise 

and thus can improve the precision of measured parameters. Also, automated HCA 

usually entails imaging samples in a multiwell plate format with automatically selected 

FOVs in each well, and therefore reduces the possibility of introducing human error and 

operator bias as may happen when performing an imaging assay on samples manually 

prepared on individual microscopic slides with manually selected FOVs. Furthermore, 

the measurement of control samples and the inspection of trends in multiwell plate 

experimental data can help identify and therefore eliminate systematic errors.  

As discussed in Section 1.3.3, although FLIM offers a quantitative and robust readout of 

FRET and therefore serves as a promising method for screening for protein-protein 

interactions (PPIs), automated FLIM instruments for assaying FRET in an HCA manner 

are yet to be commercialised and have only been developed in a few research groups404–

406,408, likely due to the relative complexity of such instruments and the need for 

appropriate software for automated data acquisition and FLIM data analysis. From the 

first demonstration of rapid readouts of FRET in live cells using wide-field time-gated 

FLIM microscopy in 2007441 and the first automated multiwell plate FLIM microscope 

in 2008407, the Photonics Group at Imperial College London has developed FLIM HCA, 

characterising and optimising the system399,409 components and applying it to various 

biological studies411,416,439. More importantly, efforts have made FLIM HCA more 

accessible to the scientific community, leading to the development of an open source 

platform, openFLIM-HCA437,438. The platform comprises an automated multiwell plate 

microscope396, an open source data acquisition software tool written as a µManager413 

plug-in for controlling the microscope and performing unsupervised HCA396, and an open 

source data analysis software tool FLIMfit, which allows rapid analysis of large-scale 

FLIM data with complex fluorescence decay models330,442. This section provides an 

introduction to this platform, in terms of its instrumentation and the processes for data 

acquisition and analysis.  
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3.1.1 Instrumentation 

The microscope set-up in the openFLIM-HCA platform is shown in Figure 3-1.  

 

Figure 3-1 Schematic of the automated multiwell plate FLIM microscope in 
openFLIM-HCA 

GOI: gated optical intensitier. CCD: charge-coupled device. Adapted from Ref.396.  

The microscope is built around an inverted epifluorescence microscope frame (IX81, 

Olympus, Japan) with a built-in Z-drift compensation (ZDC) module for autofocusing 

during long-term experiments and with a motorised x-y stage (Märzhäuser Wetzlar 

GmbH, Germany) where samples, either in a multiwell plate or on a microscopic slide, 

can be mounted. The pulsed excitation radiation required for wide-field time-gated FLIM 

is provided by an ultrafast laser source, typically a fibre-laser-pumped supercontinuum 

source operating at 40 MHz (SC400-4, Fianium, UK) that provides picosecond “white 

light” pulses covering a spectral range of ~400 - ~2500 nm. Before being coupled into a 

single-mode polarisation-maintaining optical fibre and delivered to a Nipkow disk unit 

(CSU-X1, Yokogawa Electric Corporation, Japan) that provides quasi-wide-field optical 

sectioning, the pulses are spectrally filtered by one of the band-pass filters mounted on a 
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motorised filter wheel to select the excitation spectrum appropriate to the chosen 

fluorophore. The excitation intensity can be regulated with neutral density (ND) filters 

mounted on a second motorised filter wheel. For imaging typical biological samples an 

average power of ~100-200 µW at the sample plane is used.  

 

Figure 3-2 Schematic of a GOI for wide-field time-gated FLIM 

MCP: microchannel plate. CCD: charge-coupled device. The image relay optic and the CCD 
camera are outside the GOI. Adapted from Ref.399 with permission. 

The key component in the wide-field time-gated FLIM set-up is the gated optical 

intensifier (GOI), which acts like an ultrafast shutter. A schematic of the GOI used (HRI-

HL, Kentech Instruments Ltd., UK) is given in Figure 3-2. The incident fluorescence is 

converted to photoelectrons at the photocathode of the GOI and thus cannot travel against 

the positive voltage applied between the photocathode and the front face of a 

microchannel plate (MCP), until a negative gating voltage is applied (switched in a time 

scale of <100 ps) and then the photoelectrons are accelerated to the MCP until this 

negative voltage signal is switched off. The MCP consists of an array of channels, each 

resembling a photomultiplier tube (PMT). Photoelectrons arriving at the MCP are 

accelerated by a gain voltage applied across the MCP and excite secondary electrons 

when colliding with the walls of the channels. The final number of secondary electrons 

at the exit face of the MCP is dependent on the adjustable gain voltage. These electrons 
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are then accelerated to a phosphor screen to generate phosphorescence on impact. Thus, 

the fluorescence signal is effectively amplified for the duration of the negative gating 

pulse (the “gate width”, typically adjustable between ~200 ps to ~2 ns). Two camera 

lenses (Nikon, Japan) are employed to image the phosphor screen onto a cooled CCD 

camera (Orca ER II, Hamamatsu, Japan) with a demagnification factor of 0.7. 

Importantly, the GOI gain voltage is triggered by an electronic signal from the excitation 

laser source at the same repetition rate as the laser pulses, and the gate opening time with 

respect to each excitation pulse can be controlled with the combination of a coarse delay 

unit (Precision Programmable Delay Generator, Kentech Instruments Ltd., UK) that 

enables an offset up to 20 ns with 25 ps precision and a fine delay unit (HDG, Kentech 

Instruments Ltd., UK) that is computer controlled and offers picosecond increments. By 

acquiring a stack of time-gated images for a range of delay values, this set-up permits 

time-gated measurements that can sample fluorescence decays from a whole FOV with 

the time-gate window set to various temporal positions relative to the excitation pulse, 

hence enabling wide-field time-gated FLIM.  

Each FLIM dataset is a sequence of time-gated fluorescence intensity images of a FOV 

acquired by the CCD camera at different time-gate delays relative to the excitation pulses. 

For each time-gated image, the CCD camera integrates over multiple excitation pulses 

during its exposure time. FLIM datasets for multiple FOVs can be saved as individual 

OME-TIFF files, i.e. one FOV per file, or as a single OME-TIFF file for all FOVs from 

a multiwell plate, onto the local hard drive or the OMERO image data management 

platform443. The local computer controls most aspects of the instrument with a custom-

written open source plug-in396,437,438 for µManager413, which enables fully automated 

FLIM imaging on samples in a multiwell plate for HCA, as described in detail in the 

following subsection.  

3.1.2 Data acquisition 

The data acquisition process for a typical FLIM HCA experiment consists of six steps: 

(i) setting up the instrument, (ii) acquiring a reference dye FLIM dataset, (iii) acquiring a 

FLIM dataset of the instrument response function (IRF), (iv) acquiring the sample data, 
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(v) acquiring the time-varying background (TVB) FLIM dataset(s), and (vi) acquiring the 

constant background datasets.  

Setting up the instrument 

At the start of an experiment, the instrument must be set up properly in terms of the optical 

alignment, the selection of the microscope objective lens, the excitation power at the focal 

plane of the objective (the sample plane), the GOI settings (including the gate width and 

the gain voltage), and the settings of the CCD camera (hardware binning, etc.). Note that 

the above settings should remain unchanged throughout an experiment, with the 

exception of the excitation power, which can be adjusted using different ND filters.  

Acquiring a reference dye FLIM dataset  

The choice of the reference dye is based on its fluorescence properties, e.g. for an 

experiment on biological samples labelled with mTurquoise2FP (mTq2FP) or GFP, 

Coumarin 6 dissolved in ethanol is chosen, as it can be efficiently excited, fluoresces 

strongly in either channel and its fluorescence decays mono-exponentially with a lifetime 

in the nanosecond range (~2.5 ns)414,444. The acquisition of this dye FLIM dataset enables 

the instrument set-up to be verified and provides information about the spatially-

dependent temporal shift of the IRF across the FOV – a radial shift arising from the 

“irising” effect of the GOI445, which is caused by the temporal delay between the gate 

voltage being applied to the centre and the rim of the photocathode. For this purpose, the 

fluorescence decay of the reference dye is finely sampled with a step of 25 ps across the 

time window between two excitation pulses (e.g. a 12.5 ns window for a laser operating 

at 80 MHz). Details of how this FLIM dataset can be used for determining the IRF shift 

is given in Subsection 3.1.3 on data analysis.  

Acquiring a FLIM dataset of the IRF 

The IRF, 𝑖(𝑡), is the temporal response of a system to an impulse input (a Dirac delta 

function) 𝛿(𝑡). For a system measuring a fluorescence decay, the measured decay 𝑔(𝑡) 

will be a convolution (∗) of the IRF 𝑖(𝑡) and the actual decay 𝑓(𝑡), i.e.: 

𝑔(𝑡) = 𝑓(𝑡) ∗ 𝑖(𝑡) (3.1) 
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For our wide-field time-gated FLIM system, the IRF is predominately determined by the 

shape of the GOI time-gate, as laser pulses <<100 ps are used for excitation and therefore 

can be considered as impulse signals compared with the GOI gate width, which is 

typically adjustable between ~200 ps and ~2 ns. Some exemplar IRF profiles measured 

using a new GOI model (HRI-HL, Kentech Instruments Ltd., UK) that provides a larger 

adjustable range of gate width (from ~200 ps to ~10 ns) are shown in Figure 3-3. Figure 

3-4 presents a simulation of how the IRF can affect the measured profile of a fluorescence 

decay compared with the actual profile. The IRF of our system is usually measured by 

finely sampling the excitation light that is back-scattered from the Nipkow disk with 25 

ps increments in the same way as is used to measure the reference dye FLIM dataset, and 

will be referred to in the following text as the “scatter IRF”411. Notably, as the response 

of the GOI may be sensitive to the wavelength of the radiation, in order to accurately 

measure the IRF for the sample fluorescence, the back-scattered excitation light should 

pass through the fluorescence emission path (including filter) before reaching the GOI. 

To achieve this the supercontinuum excitation light should be filtered by an excitation 

filter whose passband has some overlap with that of the emission filter. The use of this 

scatter IRF dataset in the data analysis process is covered in Subsection 3.1.3.  

 

Figure 3-3 Exemplar IRF profiles when using a typical GOI (HRI-HL) 

The profiles were acquired with the gate width of the GOI (HRI-HL) set to 200 ps (blue), 1000 
ps (green), and 4000 ps (red), respectively. Adapted from Ref.399 with permission. 
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Figure 3-4 Simulation of the impact of the IRF on the measured fluorescence decay 

(a) An ideal mono-exponential fluorescence decay with a fluorescence lifetime of 4 ns. (b) The 
same fluorescence decay measured with an instrument with an IRF that has a Gaussian shape with 
a 200ps full width at half maximum. (c) The same fluorescence decay measured with an 
instrument that has a retangular IRF profile with a width of 4 ns. IRF: instrument response 
function. 

Acquiring the sample FLIM data 

For FLIM HCA, the acquisitions of sample data can be fully automated for imaging 

samples in a multiwell plate using a custom µManager plug-in. On the graphic-user 

interface (GUI) of the plug-in one can first select which wells on a multiwell plate are to 

be imaged. FOV positions within each well can then be generated automatically, located 

on a spiral pattern starting from the well centre or on a ring with an adjustable radius to 

minimise operator bias, or can be selected manually to, for example, ensure optimal cell 

density in each FOV. Then, the parameters related to the time-gated imaging process that 
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apply to all FOVs need to be set, including the temporal positions of the time gates and 

the camera exposure time. The gate positions can be set manually or can be generated 

across a range with a fixed increment (as in the cases for the reference dye and scatter 

IRF FLIM measurements), or can be generated automatically through “auto-gating” 

based on the following equations396: 

𝑡� = 𝑡�-C� − 0.75 × 𝑤� (3.2) 

𝑡. = 𝑡�-C� + 𝜏 × ln 6
𝑛 − 1

𝑛 − 𝑥 + 17			(𝑓𝑜𝑟	2 ≤ 𝑥 ≤ 𝑛) (3.3) 

where 𝑡� is the position of the first time gate, 𝑡. the x-th, 𝑡�-C�  the temporal position of 

the decay’s peak, 𝑤� the GOI gate width, 𝜏 the expected mean fluorescence lifetime of 

the measured decay, and 𝑛 the total number of time gates (which should be larger than 2). 

While an optimal gating strategy is yet to be analytically proven, we have empirically 

found a satisfactory approach for complex fluorescence decay profiles using the above 

equations to generate 7 time gates across a decay: 1 time-gate before the decay peak, 1 

time-gate at the peak (𝑡q = 𝑡�-C�), and 5 time-gates distributed logarithmically after the 

peak. In this manner, the changes in the fluorescence intensity between 2 successive gates 

in the last 6 gates should be roughly equal, assuming that the complex decay 

approximately matches a mono-exponential decay with the expected lifetime 𝜏. In terms 

of the camera exposure time, it should be set to a value such that the brightest pixel value 

is approximately 2/3 of the CCD camera’s dynamic range. When more photons are 

needed for more accurate lifetime fitting, multiple camera frames can be accumulated at 

each time-gate delay. The plug-in also enables automated multi-channel FLIM and time-

lapse FLIM, but these were not used for the work in this thesis; for details please refer to 

the openFLIM-HCA wiki438.  

Acquiring the TVB FLIM dataset 

During the automated acquisition of the sample data, a few additional FOVs are typically 

taken from a well containing only the imaging medium, as the medium itself can 

introduce an additional fluorescence signal that may overlap with the fluorescence signal 

of interest when the biological sample is present. This medium background - and any 
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other background signals introduced by the excitation pulses (e.g. reflection and 

scattering of the excitation radiation and/or the excited fluorescence from some optical 

components) - will introduce additional fluorescence lifetime components to the 

measured fluorescence profile, and these are collectively considered as the TVB . In order 

to accurately measure the fluorescence lifetime(s) of the sample, the TVB needs to be 

taken into account, especially for dim samples where the TVB can have a significant 

contribution to the measured fluorescence, as shown in details in Subsection 3.1.3. Note 

that the TVB FLIM data should be taken with all settings (e.g. the gate positions and the 

camera exposure time) being the same as the ones used for acquiring the sample FLIM 

data.  

Acquiring the constant background datasets 

The final step for the data acquisition process is taking the datasets for the constant 

background. The constant background refers to the combination of the background 

signals in the captured image that are unrelated to the laser excitation pulses and the 

sample of interest and therefore is distinct from the TVB. Sources of these signals include 

the ambient lighting, the thermal noise and the read noise from the camera, and the 

constant offset that is normally added to the pixel values read out by the CCD camera. 

The overall effect to the background is to elevate the measured signal by a constant level 

across the whole profile and this should be subtracted properly for accurate lifetime 

analysis. The measurement of this background should be done for every camera setting 

used in the experiment, as the background value changes with the camera exposure time 

and the accumulated frame number. For each measurement, a FLIM dataset with ~100 

gates should be taken with the laser shuttered, and the mean pixel value from these time-

gated images will be used for background subtraction during data analysis, as shown in 

the following subsection. 

3.1.3 Data analysis 

The analysis of the FLIM data is done using the custom-written open source MATLAB-

based software tool FLIMfit442 (Figure 3-5). The whole dataset from an HCA experiment 

can be loaded in FLIMfit and be analysed with high throughput. FLIMfit also offers a set 
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of built-in algorithms for image segmentation, or the ROIs can be segmented by intensity 

thresholding. Fluorescence lifetimes can be calculated only from the segmented ROIs (or 

the whole FOV if no segmentation is performed). 

 

Figure 3-5 The GUI of FLIMfit 

The fluorescence decay measured from a FOV with budding yeast cells expressing Ask1p-
mTq2FP is shown on the top right panel of this GUI. Red dashed line: IRF. Blue circles: intensity 
data from different time-gates. Blue line (top right): fitted mono-exponential decay. Blue line 
(bottom right): normalised fitting residuals. 

As discussed earlier, the measured fluorescence decay 𝑔(𝑡) differs from the actual decay 

from the sample 𝑓(𝑡) predominately due to the IRF 𝑖(𝑡), and is also subject to the impacts 

of the TVB 𝑏(𝑡) and the constant background 𝑐. This relationship can be summarised by 

the following equation: 

𝑔(𝑡) = [𝑓(𝑡) + 𝑏(𝑡)] ∗ 𝑖(𝑡) + 𝑐 (4.1) 

FLIMfit has the functionality to take account of these background terms. The value for 

the constant background 𝑐 is determined by loading in the constant background data taken 

earlier with the laser shuttered and calculating the mean pixel value contributed by the 

constant background. This value is then subtracted from the measured signal 𝑔(𝑡). The 

TVB 𝑏(𝑡) is more complicated in that it is also spatially varying, mainly due to the 
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inhomogeneous illumination pattern. Consequently, FLIMfit can generate a “TVB 

intensity map” using the TVB data acquired earlier, i.e. the FLIM dataset of the imaging 

medium. The temporal profile of the measured TVB (which is actually 𝑏(𝑡) ∗ 𝑖(𝑡) instead 

of 𝑏(𝑡)) is determined using a small region in the centre of the FOV, and then the TVB 

intensity map is generated by scaling the TVB profile for each pixel across an FOV 

according to the local pixel value (Figure 3-6). This map is subsequently loaded into 

FLIMfit and provides information about 𝑏(𝑡) ∗ 𝑖(𝑡) when analysing for 𝑓(𝑡) from 𝑔(𝑡). 

 

Figure 3-6 An exemplar TVB intensity map generated from a FLIM dataset of the 
imaging medium SC+ADE 

(a) The profile of the TVB signal from a small region in the centre of a FOV containing only the 
imaging medium SC+ADE. (b) The TVB map containing the intensity scale factor for each pixel 
across the FOV. 

 

Figure 3-7 Exemplar IRF shift map and two IRF profiles from different positions of 
a FOV 

(a) An exemplar IRF shift map generated by FLIMfit, showing the temporal shift of the IRF 
profile for each pixel relative to the reference IRF profile from a small region in the centre of the 
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FOV. (b) The IRF profiles from two regions in the FOV in Panel (a). Region 1 is in the blue 
rectangle in the bottom left. Region 2 is in the green rectangle in the top right. Note the temporal 
shift between the two IRF profiles. 

Owing to the irising effect of the GOI introduced in Subsection 3.1.2, the IRF, 𝑖(𝑡), is 

also spatially varying. While the temporal shape of the IRF (Figure 3-3) is approximately 

invariant across the FOV, its temporal position is shifted for different pixels. The IRF 

temporal shape can be obtained from the signal from a small region in the centre of the 

scatter IRF dataset taken earlier (with the constant background subtracted), while an “IRF 

shift map” needs to be generated to correct for the spatially varying temporal shift (Figure 

3-7). FLIMfit generates the IRF shift map by loading in the reference dye FLIM dataset 

taken earlier, selecting the same small region as the one used for obtaining the IRF shape 

to get a smooth decay profile of the dye, and cross-correlating that profile with the decay 

profile from each individual pixel to find the temporal shift for each pixel. 

In addition to contributing to the generation of the IRF shift map, the reference dye FLIM 

dataset is used for determining the correct temporal position of the IRF, 𝑡Z . This is 

necessary as the IRF is measured using back-scattered light from the Nipkow disk, which 

has a different optical path length (and therefore a different time delay) compared with 

light from the sample plane. With the reference dye FLIM dataset and the IRF shift map 

loaded in FLIMfit, a global value for 𝑡Z  can be obtained by globally fitting the 

fluorescence decay data of the reference dye to a mono-exponential model. When the 

fitted fluorescence lifetime matches well with the known lifetime of the reference dye 

(e.g. ~2500 ps for Coumarin 6 dissolved in ethanol), it indicates that the fitted value of 𝑡Z 

is representative of the true value and can be used for the subsequent lifetime analysis.  

After the above procedures have been used to characterise 𝑐, 𝑏(𝑡), and 𝑖(𝑡), the measured 

fluorescence data from the samples 𝑔(𝑡) can be fitted in order to retrieve 𝑓(𝑡), which 

contains the desired fluorescence lifetime information. FLIMfit can perform fitting to a 

mono-exponential decay model that can be described by: 

𝑓(𝑡) = 𝐼Z × 𝑒
/\] (3.5) 
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where 𝜏 is the fitted fluorescence lifetime and 𝐼Z is the peak intensity. In cases where the 

underlying decay profile is more complex, 𝜏  represents the effective lifetime. 

Alternatively, FLIMfit can also fit the data to a complex decay model, e.g. a bi-

exponential decay: 

𝑓(𝑡) = 𝐼Z × �𝛽 × 𝑒
/ \
]� + (1 − 𝛽) × 𝑒/

\
]�� (3.6) 

where 𝜏� is the lifetime of the first decay component, 𝜏q the lifetime of the second decay 

component, and 𝛽 the fraction of the first decay component. Fitting to a complex decay 

model may offer more quantitative information, but it requires many more photons for an 

accurate result. For example, while <200 photons are needed to determine the effective 

lifetime of a fluorophore with good accuracy, fitting to a bi-exponential model to the same 

accuracy requires >100000 photons401. The photon count per pixel in an FLIM 

experiment, however, is typically limited to a few hundred owing to the photostability of 

the fluorophores and the need to minimise phototoxicity in biological samples. FLIMfit 

addresses this problem by incorporating a functionality for fitting FLIM data with global 

analysis330,446, where the photons from all pixels in one FOV or in all FOVs in a large 

dataset are utilised to estimate the lifetime components, with the assumption that the 

lifetime components are the same globally and only the pre-exponential factors are variant 

across the pixels. In particular, the global analysis method fits for both the global lifetime 

components and the pixel-wise pre-exponential factors simultaneously, i.e. without losing 

the information of the decay profile at each pixel when determining the lifetime 

components, and thus is more computationally demanding, in comparison to the global 

binning method (which is also implemented in FLIMfit but is less preferred) where first 

all the photons are binned together to estimate the lifetime components and then the pre-

exponential factors are fitted on a pixel-wise basis447. FLIMfit is specifically programmed 

for performing rapid global analysis. For example, it only requires 32 seconds to globally 

fit a dataset of 394 time-gated datasets each with five time gates and 672´512 pixels, 

using 2 GB of RAM330.  
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3.2 Challenges for in vivo FLIM HCA on FP-labelled 
endogenous proteins at budding yeast kinetochores 

The accuracy and the precision of lifetime determination are key considerations for a 

FLIM experiment: a high accuracy means that the measured lifetime is highly 

representative of the true value, whereas a high precision means that the variation in the 

measured lifetimes of duplicated samples is small. While the accuracy and the precision 

can be affected by the method used for analysing the FLIM data, they are fundamentally 

limited by the signal-to-noise ratio (S/N) in the acquired data. The signal here is the 

measured fluorescence of interest, e.g. the time-varying fluorescence from a donor FP, 

while the noise is the combination of all the biological, instrumental, and experimental 

factors covered above in Section 3.1.  

Previous work from the Photonics Group at Imperial College has shown experimentally 

that an imaging system employing a GOI typically exhibits a “shot noise-like” behaviour 

in terms of the S/N of the detected photon number, i.e. the S/N increases almost 

proportionally with the square root of the detected photon number, √𝑁. The S/N should 

be √𝑁 for shot noise-limited performance, but it is slightly higher here due to an excess 

noise factor imposed by the amplification processes in the GOI (hence the term “shot 

noise-like”). This result suggests that, with the contributions from all other noise factors 

being the same, the S/N of our FLIM system, and thus the accuracy and the precision of 

lifetime determination, should also improve with increasing numbers of detected photons. 

This has been previously demonstrated with HEK cells expressing an mTurquoiseFP-

YFP FRET construct399.  

Practically however, the achievable photon number in a FLIM experiment is limited by 

the properties of the fluorophores used and the number of fluorophores present in the 

sample. It is also limited by the image acquisition time, which has to be relatively short 

for practical FLIM HCA, and the excitation power, and therefore the photon flux cannot 

be increased arbitrarily otherwise significant photobleaching and/or phototoxicity would 

occur. These considerations limit the achievable S/N for any fluorescence-based HCA 

approach. This section briefly discusses the specific challenges related to the experiments 

undertaken for this project - particularly the limited fluorescence signals available from 
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the FPs labelling endogenous proteins of interest at the kinetochores (which present low 

copy numbers), the cellular autofluorescence background in live budding yeast cells, and 

the presence of larger bright dead cells that may contaminate the fluorescence signals of 

interest.  

3.2.1 Limited signal 

This project entailed performing in vivo FLIM HCA on stably expressed FP-labelled 

endogenous proteins in live budding yeast kinetochores. Figure 3-8 shows an exemplar 

fluorescence intensity image of diploid yeast cells expressing Ask1p-mTq2FP acquired 

with the automated FLIM microscope described later in Section 3.3. The donor 

fluorophores are typically confined to one or two diffraction-limited spots in each cell 

(depending on which cell cycle stage the cell is in) due to the clustering of all the 

kinetochores (32 for a haploid cell during cell division, 16 otherwise; 64 for a diploid cell 

during cell division, 32 otherwise). The donor fluorescence is relatively weak, as the 

donors FPs are labelling endogenous proteins of interest with copy numbers in the range 

of from 1 to ~20 per kinetochore for constitutive KPs (as shown in Table 3-1) and should 

not be more for motor proteins and regulators that only transiently associate with the 

kinetochores. In contrast, previous FLIM experiments on fixed or live mammalian cells 

commonly employ dyes conjugated to antibodies, small molecule dyes staining specific 

cellular components, or FP constructs overexpressed from plasmids, and thus have much 

brighter donor fluorescence signals. However, the use of FP-labelled endogenous proteins 

offer the benefits of studying cellular events such as PPIs under physiological conditions 

much closer to wild-type and without artefacts resulting from overexpression of proteins 

or from unnatural heterogeneity in FRET that can be manifest when the donor and the 

acceptor are separately expressed from transiently transfected plasmids at uncertain levels. 

FP-labelling of endogenous proteins is straightforward with live budding yeast via yeast 

transformations (see Section 2.3.3). 
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Figure 3-8 Exemplar fluorescence intensity image of diploid budding yeast cells 
expressing Ask1p-mTq2FP 

The image was taken with the automated FLIM microscope. Each bright focus is a collection of 
Ask1p-mTq2FP molecules in a kinetochore cluster. The dim oval shapes show the 
autofluorescence from the yeast cells. The bright oval on the bottom right is a dead cell, which 
typically exhibits strong autofluorescence in both the blue and the green channels. 

Table 3-1 Copy numbers per kinetochore for typical kinetochore proteinsVII  

Kinetochore protein Copy number per metaphase 
kinetochore (CNPMK) 

Copy number per metaphase 
focus in diploids 

Cse4p 2 64 

Ndc10p 4 128 

Cep3p 2 64 

Ctf19p 3 96 

Mtw1p 6 - 7 192 - 224 

Nuf2p 8 256 

Ask1p 16 - 20 512 - 640 

 

                                                

VII Based on the results from Ref.222. 
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Overall, the weak signal, together with the strong cellular autofluorescence background 

that is discussed in the following subsection, make it challenging to achieve adequate S/N 

in FLIM data of the yeast kinetochores, which leads to lower precision in the lifetime 

fitting results. These errors may be compounded by poor segmentation of kinetochore 

foci when their signal is not much higher than the cellular background. To tackle this 

challenge, efforts should be made to increase the donor fluorescence from the kinetochore, 

to improve the efficiency of collecting the emitted photons, and to better segment the 

kinetochores, as discussed in the later subsections in this chapter.  

3.2.2 Strong background 

Even with the optical sectioning provided by a Nipkow disk unit, the autofluorescence 

from the imaging media (SC+ADE and -LEU+ADE were used for the experiments 

presented in this thesis, for cells with endogenous tags and cells with plasmids, 

respectively; see Chapter 2 for details) and from the yeast cells themselves is still 

significant compared with the donor fluorescence of interest from the kinetochores, at 

least when using mTq2FP as the donor, as can be seen in Figure 3-8. Note that in Figure 

3-8 the KP labelled by the donor mTq2FP is the outer kinetochore protein Ask1p, which 

is a higher abundance kinetochore protein compared with the others measured in this 

study (some examples are shown in Table 3-1Table 3-1); for proteins with lower copy 

numbers, the contrast between the kinetochore foci and the cellular background was 

lower, as shown in Figure 3-9. 
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Figure 3-9 Signal-to-background ratios for images of donor-only cells expressing 
various mTq2FP-labelled KPs respectively 

The signal here is defined as the total constant background-subtracted signal levels (i.e. pixel 
values) from the kinetochore regions integrated over all the time-gated images in the FLIM dataset 
for each FOV. The background is the total constant background-subtracted signal levels from the 
cellular region surround each kinetochore region. For the definitions of the kinetochore regions 
and the cellular regions as well as the algorithm for segmenting them, please see Section 3.5.1. 
CNPMK: copy number per metaphase kinetochore. 

Table 3-2 Exemplar integrated signal levelsVIII from the imaging medium SC+ADE, 
from the cellular regions around the kinetochore foci, and from the kinetochore 
fociIX), from one FLIM experiment with 43 FOVs of donor-only cells with Ask1p-
mTq2FP  

Median from SC+ADE 
(a.u.) 

Median from cellular areas 
(a.u.) 

Mean from kinetochore foci 
(a.u.) 

~750 ~2500 ~8000 

 

                                                

VIII Each integrated signal level is the sum of the corresponding signals from the 12 time-gated images of a 
FLIM dataset with the constant background subtracted. 

IX Contributions of the TVB background in these foci were not removed. 
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Notably, the signal-to-background ratios indicate that a significant amount of the signal 

measured at the kinetochore foci may be contributed by the cellular autofluorescence and, 

to a lesser extent, the medium fluorescence (for example see Table 3-2), which can 

introduce bias to the fitting lifetime results. While the homogeneous medium background 

can be easily taken account of by generating a TVB intensity map as described in Section 

3.1.3, it is not straightforward to exclude the cellular autofluorescence in a similar 

manner. To make things more complicated, the cellular autofluorescence seems to 

increase over time (Figure 3-10), which might be due to the accumulation of fluorescent 

metabolites. 

 

Figure 3-10 Exemplar data showing how cellular autofluorescence increases over 
time, from one FLIM experiment with 43 FOVs of donor-only cells with Ask1p-
mTq2FP 

The integrated intensity (i.e. signal level) of the cellular fluorescence for each FOV was calculated 
as the sum of the constant background-subtracted pixel value from the cellular region surrounding 
each kinetochore focus in each time-gated image. The FLIM dataset for each FOV contains 12 
time-gated images taken at different time relays relative to the excitation pulses. 

In order to better deal with this cellular autofluorescence, it would be useful to know the 

biochemical entities contributing to it and their fluorescence properties, such as the 

fluorescence lifetimes as well as the excitation and the emission spectra. However, to the 

best of my knowledge, these have not been well characterised. NADH and FAD can 

contribute autofluorescence in the detection bands of mTq2FP and GFP448, and phosphor-

ribosyl-amino-imidazole generated in the adenine synthesis pathway is excited by blue 
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light and can also contribute autofluorescence in the mTq2FP and GFP channels449, 

especially in the absence of a functional ADE gene and/or a limiting quantity of adenine 

in the imaging medium.  

At longer wavelengths the cellular autofluorescence in budding yeast is weaker450. As 

this observation suggests the use of a red FP as the FRET donor, I tried labelling certain 

KPs with a TagRFP mutant (TagRFP-R67K-S158T), which was reported to be brighter 

than the commonly used mCherry and also to exhibit superior photostability451,452, but no 

kinetochore foci were seen, probably because this TagRFP variant was not expressed well 

in budding yeast cells or it has a long maturation time at the temperature of 23˚C used for 

yeast cell growth and imaging. For the work reported in this thesis, the CFP variant 

mTq2FP was initially used as the donor for the studies on the kinetochore structure for 

its high brightness relative to other CFP variants, mono-exponential intrinsic lifetime, and 

high photostability453. Subsequently GFP (S65T)433 was used as the donor for the 

Rdh54p-related studies, since this allowed me to use the GFP-tagged yeast strain 

collection432 and also exploit the higher relative brightness of GFP compared with 

mTq2FP. Additionally, all the imaged yeast strains contain an ADE2 gene, and were 

grown and imaged in SC+ADE or -LEU+ADE media for suppressing the 

autofluorescence from phosphor-ribosyl-amino-imidazole.  

The cellular autofluorescence was further characterised by fitting the medium 

background-subtracted cellular autofluorescence signals from regions around the foci 

from various donor-only kinetochore strains expressing KP-mTq2FP to a mono-

exponential decay model. The resulting effective lifetimes were in the range of ~2.7 ns to 

~3 ns. The absorption and the emission spectra of the medium background-subtracted 

cellular autofluorescence were also measured using a spectrofluorometer (RF-5301, 

Shimadzu Corporation, Japan): the spectra of a dense SC+ADE culture of unlabelled cells 

was measured and a background was subtracted based on measurements of the spectra of 

the culture medium SC+ADE. The resulting spectra are shown in Figure 3-11. While 

these fluorescence lifetime and spectral data are not sufficient to identify the biochemical 

species responsible for the autofluorescence, they do highlight the need to deal with the 

cellular autofluorescence in the blue and green channels in order to accurately determine 

the fluorescence lifetime of the donor FP.  
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Figure 3-11 The absorption and the emission spectra of (a) the imaging medium 
SC+ADE, (b) the unlabelled diploid cells in a dense SC+ADE culture, and (c) the 
net cellular autofluorescence 

The absorption spectrum of the net cellular autofluorescence was calculated by subtracting the 
unnormalised absorption spectrum of the unlabelled diploids cells in a dense SC+ADE culture 
with the unnormalised absorption spectrum of SC+ADE. The emission spectrum was calculated 
similarly. 

3.2.3 Dead cells 

Also apparent in the exemplar fluorescence intensity image of yeast cells (Figure 3-8) is 

the presence of large bright dead cell(s) It is unclear why dead yeast cells appear to be so 

bright in the mTq2FP and GFP channels and what fluorescent entities are responsible. 

When fitted to a mono-exponential decay model, the fluorescence from the dead cells 

presented an effective lifetime in the range of ~2.7 ns to ~3 ns, similar to that of the 

cellular autofluorescence, indicating that the dead cell autofluorescence may result from 

the same biochemical entities. Since the kinetochore foci are segmented mainly based on 

their brightness before lifetime fitting (see Section 3.5), some regions of the bright dead 
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cells will inevitably be included and may significantly impact the lifetime results, as the 

dead cells are so much brighter than the relatively weak kinetochore signals. Hence, the 

dead cell regions need to be robustly excluded from the segmented kinetochore regions. 

The method I developed to do this is described below in Section 3.5.1.  

3.3 Development of the automated multiwell plate FLIM 
microscope 

During this project I adapted the automated multiwell plate FLIM microscope in the 

openFLIM-HCA platform to address the challenges presented by in vivo imaging of FP-

labelled endogenous proteins in budding yeast kinetochores imposed by the weak FP 

signal and the strong autofluorescence background. As illustrated in Figure 3-12, this 

entailed replacing the supercontinuum laser excitation source with an ultrafast 

Ti:Sapphire laser to provide higher power and more stable excitation, and implementing 

an electronically controlled micropump system to maintain the level of immersion liquid 

for the water-immersion objective lens during automated FLIM HCA.  

 

Figure 3-12 Schematic of the modified automated multiwell plate FLIM microscope 

Adapted from Ref.439. 
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3.3.1 The excitation laser source 

Although the supercontinuum laser source used in the typical set-up of the openFLIM-

HCA instrument shown in Figure 3-1 offers the benefit of flexible spectrum selection for 

multi-colour imaging, it is not the optimal choice for the experiments reported here, which 

required single-channel excitation in either the mTq2FP (excitation peak at ~434 nm) or 

GFP (excitation peak at ~488 nm) channels. This is because the spectral power density of 

the supercontinuum emission is relatively low in the blue and green spectral regions and 

because the beam quality deteriorated over time, became unstable and stopped being 

single-mode (Figure 3-13).  

 

Figure 3-13 Exemplar profile of a beam from a Fianium supercontinuum laser after 
a 434/17 bandpass filter (for excitation in the mTq2FP channel) 

The deterioration of the beam quality from nearly single mode with an approximately Gaussian 
beam profile to this typical donut-shaped profile prevented efficient coupling of the laser beam 
into a single-mode optical fibre, limiting the achievable excitation power at the objective lens’ 
focal plane. 

With a low output power and low coupling efficiency (<10%) into the single-mode optical 

fibre that delivered the light to the microscope frame, the supercontinuum laser failed to 

provide sufficient excitation power to achieve a usable signal from the donor fluorophores 

at yeast kinetochores. In contrast, a tunable femtosecond Ti:Sapphire laser (Mai Tai HP, 

Spectra-Physics, UK) and a second-harmonic generation (SHG) unit (#3980 Frequency 

Doubler / Pulse Selection Unit, Spectra-Physics, UK) provided the pulsed excitation 

radiation needed for both the mTq2FP and GFP channels with a stable single-mode beam 

profile and a coupling efficiency of >50%. The schematic of the set-up for generating and 

coupling the excitation beam into the single-mode fibre is given in Figure 3-14. The 
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excitation power at the sample plane can be altered using the combination of a half-wave 

plate and a linear polariser shown in the schematic and was set to ~150 - ~200 µW at the 

start of each FLIM experiment performed in this thesis.  

 

Figure 3-14 Set-up for generating the excitation radiation and coupling it into a 
single-mode optical fibre 

The infra-red output from the Ti:Sapphire laser is frequency-doubled to a blue or green beam by 
the second harmonic generation (SHG) unit for exciting mTq2FP or GFP. The excitation beam is 
then reflected from a mirror on a flip mount, which is flipped away from the light pathway when 
the supercontinuum laser is the excitation source in use. After the flip mirror, the outputs from 
the two lasers share the light pathway for being coupled into a single-mode fibre that delivers the 
excitation light to the spinning disk unit (CSU-X). The combination of a rotating half-wave plate 
and a linear polarisers enables the tuning of the excitaton power from the Ti:Sapphire laser. 

3.3.2 The microscope objective lens 

In an epifluorescence microscope with a laser beam underfilling the objective lens’s 

aperture exciting a homogeneous sample (or a sample larger than the excitation point 

spread function (PSF)), the brightness of the detected fluorescence 𝐵 is dependent on 

both the numerical aperture 𝑁𝐴 and the magnification 𝑀 of the microscope objective 

following the relation below454: 

B ∝
𝑁𝐴q

𝑀q (3.7) 
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While live cell imaging of budding yeasts typically uses a 100x, 1.4 NA oil-immersion 

objective lens for the higher spatial resolution and the higher collection efficiency of the 

excited fluorescence offered by the high NA454, when considering solely the detected 

brightness it can be beneficial to use a 60x 1.2 NA water-immersion objective lens instead. 

The two objective lenses that we have available for the FLIM microscope (UPlanSApo 

100XO 1.4 NA and UPlanSApo 60XW 1.2 NA, Olympus, Japan) have similar 

transmittance for excitation in the blue and green channels and so the water-immersion 

lens should offer a brightness that is ~104% higher than obtained with the oil-immersion 

lens. Although this improvement in brightness is at the expense of a lower spatial 

resolution, for our FLIM experiments intended to query protein interactions based on 

FRET, the spatial resolution is of less importance compared with the brightness that 

improves the S/N. 

More critically for automated HCA, it is easier to maintain the immersion liquid between 

the objective front lens and the bottom of a multiwell plate for a water-immersion 

objective lens than for an oil-immersion lens in our inverted microscope set-up. This is 

because water is much less viscous than immersion oil and so can be easily pumped 

through a narrow tube. Additionally, water is easier to clean than immersion oil, and 

excess water is conveniently absorbed by putting tissue paper around the objective lens.  

 

Figure 3-15 Set-up for retaining the immersion liquid on the Olympus water-
immersion objective lens 

A cap was designed for the objective lens for retaining water at the objective lens’ front surface 
by creating a small reservior between the cap and the objective lens. Water is pumped into this 
small reservior by a micropump for blance the loss through evaporation. The water pump rate is 
adjustable via the controller for the micropump. 
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Figure 3-15 shows our set-up for retaining the immersion liquid on our water-immersion 

objective throughout an HCA experiment that can take a few hours. The key component 

is a micropump (mp6, Bartels Mikrotechnik GmbH, Germany) that can constantly pump 

water from a reservoir through standard tygon tubing (mp-t, Bartels Mikrotechnik GmbH, 

Germany) under the control of an associated controller unit (mp-x, Bartels Mikrotechnik 

GmbH, Germany). A cap for the water-immersion objective lens was designed so as to 

create a small reservoir between the cap and the objective lens for retaining water at the 

objective lens’s front surface. The pumping rate was set using the controller to balance 

water loss through evaporation and changing FOVs while not creating excessive overflow. 

The electrical signal driving the pump was typically set to “sinusoidal, 30 Hz, 25 Vpeak-

peak”.  

3.3.3 The GOI and the CCD camera 

The performance of the GOI and the CCD camera strongly impact the quality of FLIM 

data in terms of the S/N and the spatial resolution399. Compared with a standard GOI that 

offers a tunable gate width from ~200 ps to 2 ns, the GOI model I used (HRI-HL from 

Kentech Instruments Ltd.) allows a wider choice of time gates (~200 ps - ~10 ns) (see 

Figure 3-3). The use of wider time-gates improves the S/N, as more photons can be 

acquired at each time-gate delay. For the experiments reported in this thesis, the HRI-HL 

model was consistently used with the gate width set to 4 ns. The CCD camera (Orca ER 

II, Hamamatsu) was used with 4x4 hardware binning to improve the S/N at the expense 

of spatial resolution. Considering the 60x magnification from the objective lens and the 

0.7x demagnification from the relay lenses between the GOI and the CCD camera, each 

time-gated image after binning had 336x256 pixels with a pixel size of 615 nm. While 

this pixel size is insufficient for Nyquist sampling the PSF of the microscope with the 

1.2 NA lens, for the intended FLIM experiments this is not a problem.  

3.4 Development of the data acquisition workflow 

As well as optimising the imaging set-up for my project, I also modified the data 

acquisition workflow introduced in Section 3.1.3. This section first describes these 
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modifications along with the rationale behind them, then summarises the workflow used 

for the experiments reported in this thesis.  

3.4.1 Measuring the fluorescence decay of quenched fluorescein instead 
of the scatter IRF 

As mentioned in Sections 3.1.2 & 3.1.3, when using the supercontinuum laser as the 

excitation source, the excitation light scattered from the Nipkow disk can be measured to 

provide the scatter IRF since the broadband nature of the supercontinuum laser source 

enables the scattered light to be filtered so that the scatter IRF can be recorded in the 

same spectral region as the sample fluorescence. However, after the laser source was 

changed to a frequency-doubled Ti:Sapphire one, this was not possible because the 

narrowband excitation light was efficiently blocked by the emission filter and it would 

not be optimal to measure the scatter IRF at the excitation wavelength due to the 

wavelength-dependent response of the system. To circumvent this problem, an alternative 

method to measure the IRF was required. It has been reported that the fluorescence decays 

of organic dyes with very short lifetimes or dyes quenched to very short lifetimes via 

collisional quenching can be used to provide IRF measurements for various spectral 

regions455–460. However, most of these decays still have lifetimes of tens of picoseconds, 

making them unsuitable as impulse functions for samples with very short lifetimes461. 

Another approach that also utilises the fluorescence decay of a dye is the Delta function 

convolution method (DFCM)462,463. Instead of directly using the decay as the IRF, the 

DFCM utilises the reference convolution technique464, which entails first convolving a 

modified decay model 𝑓¢(𝑡) with the mono-exponential decay of the reference dye 𝑟(𝑡) 

and then comparing the result to the measured sample decay 𝑔(𝑡) so as to recover the 

decay model 𝑓(𝑡), as described by the following equations465: 

𝑔(𝑡) = 𝑓¢(𝑡) ∗ 𝑟(𝑡) (3.8) 

𝑓¢(𝑡) =a
𝛼c
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where 𝜏?  is the lifetime of the reference dye, 𝜏c  the i-th lifetime component of the 

exponential sample decay, and 𝛼? and 𝛼c the corresponding amplitudes. Knowing 𝜏? and 

𝛼?, the sample decay model can be recovered by fitting for 𝜏c and 𝛼c. This is in contrast 

to the conventional method shown in Equation 3.1 where the exponential decay model 

for the sample is convolved with the IRF, and offers the benefit of accounting for the 

lifetime of the reference dye decay rather than requiring an ultrafast impulse function.  

While the DFCM can also work with reference dyes of multi-exponential decays and 

unknown lifetimes, fewer photons are needed to reach a given fitting accuracy if the 

reference dye has a mono-exponential decay with a known short lifetime465,466. With that 

knowledge in mind, I decided to use a mixture of the dye, fluorescein, and the quencher, 

potassium iodide (KI), as the reference fluorophore for my FLIM experiments utilising 

the blue (mTq2FP) and the green (GFP) channels.  

As the absorption and the fluorescence spectra of fluorescein are known to be pH-

dependent467,468, the 1 mM stock solution of fluorescein was made by dissolving the 

fluorescein (free acid) power (Sigma-Aldrich 46955, Merck, Germany) with MilliQ water 

and adjusting the pH to neutral (pH7). At this pH, fluorescein should be efficiently excited 

by both blue and green lights468, and thus is ideal for the experiments presented here. 

Considering that fluorescein’s excitation and emission spectra can vary with 

concentration at high concentrations (due to self-quenching)468,469, for consistency the 

1 mM stock solution was always diluted to 250 µM for imaging. At this concentration, I 

measured a mono-exponential fluorescence decay with a fluorescence lifetime of ~3.6 ns 

for the aqueous fluorescein solution.  

The fluorescence from fluorescein can be quenched by the addition of iodide ions. The 

quencher iodide ion effectively depopulates the excited fluorophores via collisional 

quenching and therefore reduces both the intensity and the lifetime of the fluorescein 

fluorescence457,459. As collisional quenching follows the Stern-Volmer equation459, the 

quenched fluorescence lifetime should decrease with increasing quencher concentration, 

and with sufficient KI concentration it should be short enough that the quenched 

fluorescein decay can be used as a reference for the DFCM. To test that, I mixed various 

amounts of KI (Fluka 60399, Honeywell, US) with 250 µM fluorescein respectively to 
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make a series of quenched fluorescein solutions. The results showed that both the 

fluorescein lifetime and the fluorescence intensity of fluorescein decrease with increasing 

KI concentration. Therefore, in order to balance the requirements for short lifetime and 

sufficient photon number, I chose to use the mixture of 250 µM fluorescein and 2 M KI 

as the reference dye for the DFCM. 

 

Figure 3-16 Fluorescence decay profiles of the quenched fluorescein solution (250 
µM fluorescein with 2 M KI), the water background, and the background-subtracted 
signal (net signal) 

Note the abnormal rises near the end of the decay profiles of both the quenched fluorescein and 
the water background, which is largely corrected in the background-subtracted net signal. 

Figure 3-16 shows an exemplar fluorescence decay profile measured from the quenched 

fluorescein solution of choice (250 µM fluorescein and 2 M KI). One apparent anomaly 

is the unexpected rise towards the end of the decay. As a similar rise at the same temporal 

position was observed for the fluorescence decay of water, the origin of this rise is 

attributed to some components along the optical pathway that generate background 
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fluorescence (which would be proportional to the excitation power but not the sample 

brightness), rather than the scattered or reflected excitation light that reaches the sample 

plane with a delay and generates further fluorescence from the sample (which would be 

proportional to the sample brightness). While this background fluorescence should 

always be present regardless of what is being imaged, it is only relatively significant when 

the sample being imaged is dim, e.g. the quenched fluorescein, and its presence in the 

fluorescence signal from yeast kinetochore foci can also be effectively eliminated by the 

TVB subtraction process discussed in the following section. Therefore, this background 

in the quenched fluorescein fluorescence should be corrected as well, which was done by 

subtracting the fluorescence measured from water. As shown in Figure 3-16, after this 

subtraction, the unwanted background fluorescence can be largely removed, and thus the 

resulting decay can be used for FLIM data analysis based on the DFCM, which is 

described in detail in Section 3.5.2. 

3.4.2 Pre-photobleaching the cellular autofluorescence 

While the introduction of the frequency-doubled Ti:Sapphire laser offered higher 

excitation power for imaging in both the blue and the green channels, the use of higher 

excitation power is often accompanied by increased photobleaching. To characterise the 

photobleaching effect on the FP fluorescence from budding yeast kinetochore foci as well 

as on the cellular and the imaging medium autofluorescence, I devised a protocol as 

described below: 

1. Prepare the appropriate yeast samples (for details in the yeast sample preparation 

protocol see Section 3.4.3), and transfer these into separate wells on a 96-well 

plate: 

o The imaging medium SC+ADE should also be transferred into an 

individual well, so that its photobleaching behaviour can be characterised 

separately; 

o Note that when multiple excitation power settings are to be tested, the 

yeast samples and the media should be transferred into multiple wells, so 

that different wells will be imaged when the excitation power is changed. 
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2. Set up the FLIM microscope hardware for yeast kinetochore imaging (for details 

in the hardware settings see Section 3.4.3). 

3. Set the excitation power at the sample plane to a chosen value, which can be 

measured with a microscope slide photodiode sensor (S170C, Thorlabs Inc., 

Germany), by rotating the half-wave plate in front of the Ti:Sapphire laser’s 

output (Figure 3-14). 

4. Using the custom µManager plug-in, set up the microscope for automated FLIM 

acquisition of 5 FOVs per well in the wells to be imaged for the current power 

setting, so as to perform averaging on the photobleaching curves measured from 

each well: 

o For each FLIM acquisition, 121 time-gates should be used, and all delays 

should be set to the temporal position of the peak FP fluorescence 

intensity; 

o Each time-gate is imaged with 1 s camera exposure time, so that, in total, 

a photobleaching curve for 2 min exposure will be acquired for each FOV. 

5. If needed, set the excitation power at the sample plane to a different value, and 

perform the automated FLIM acquisition on a different set of wells. 

6. The acquired sample FLIM datasets should then be processed to segment for the 

kinetochore foci and the corresponding cellular regions for quantifying the 

cellular autofluorescence: 

o For each acquired dataset, the 121 temporal slices should be summed to 

generate an “integrated intensity image” for performing the following 

segmentation steps; 

o Dead cell masks should be generated to exclude the regions with dead cells 

for following analysis, based on the higher intensities and the larger sizes 

of the regions compared with the kinetochore foci; 

o Kinetochore foci should be segmented using a modified version of the 

nonlinear top-hat (NTH) algorithm470, the details of which is described in 

Section 3.5.1. The product of this step is a segmentation mask for each 

FOV where each kinetochore focus is segmented as a region with 3x3 

pixels. Such a region corresponds to an area of 1.8 µm x 1.8 µm in the 

sample plane, which is much larger than a typical sub-diffraction budding 
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yeast kinetochore cluster and is chosen to accommodate any movement of 

the kinetochore cluster during FLIM acquisition; 

o A cellular autofluorescence mask can then be generated for each FOV 

based on the corresponding kinetochore mask, where around each 

kinetochore region a 7x7 pixel hollow square with 1-pixel thickness is 

designated as the region for the local cellular autofluorescence 

background.  

7. With the masks generated above, the photobleaching curves of interest can be 

obtained using a MATLAB script: 

o Regions in the kinetochore and the cellular autofluorescence masks that 

overlap with dead cells are first removed using the dead cell masks; 

o The raw FLIM datasets should have the constant background subtracted 

(using the mean pixel value from the constant background dataset); 

o The photobleaching curves for the fluorescence from the kinetochore 

regions and the cellular autofluorescence can be obtained using the 

constant background-subtracted FLIM datasets and the corresponding 

masks. Note that the mean pixel value from all the segmented kinetochore 

regions in each time-gated image should be used to utilise all the photons 

from these regions; for the cellular autofluorescence, the mean of all the 

median values from each region should be used instead to minimise the 

impact of artefacts due to kinetochore clusters moving into the cellular 

background regions); 

o The photobleaching curve for the net FP fluorescence from each excited 

yeast sample can be calculated by subtracting the curve for the 

corresponding cellular autofluorescence from the curve kinetochore 

regions; 

o The photobleaching curves for the imaging medium SC+ADE can be 

obtained by calculating the mean pixel values from a certain region at the 

centre of the corresponding SC+ADE-only time-gated images. 
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Following this protocol, I performed two sets of experiments for the photobleaching 

behaviours of the two donor FPs used in the subsequent experiments, i.e. mTq2FP and 

GFP. 

 

Figure 3-17 Photobleaching curves of SC+ADE averaging over 5 FOVs for various 
excitation power settings 

The excitation power was measured at the objective lens’ focal plane before the acquisiton of 
each curve. 
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Figure 3-18 Photobleaching curves for the fluorescence signals measured from an 
endogenously-labelled heterozygous diploid yeast strain containing one ASK1-
mTq2FP allele under different excitation power settings: (a) 150µW; (b) 200 µW; (c) 
300 µW. 

The excitation power was measured at the objective lens’ focal plane before each measurement. 
Note that in all conditions the cellular background-subtracted net fluorescence from Ask1p-
mTq2FP (the yellow curve) is much less sensitive to photobleaching than the other two signals. 
Adapted from Ref.439. 

For the experiments on mTq2FP, I used five excitation power settings: 300 µW, 200 µW, 

150 µW, 100 µW, and 50 µW (all measured at the water-immersion objective lens’s 

sample plane). The resulting photobleaching curves for the imaging medium SC+ADE 

plotted in Figure 3-17 show that under these power settings the measured medium 

fluorescence was barely photobleached throughout the 2 min excitation, and that the 

average peak intensity increased proportionally with the excitation power. The 

fluorescence signals measured from the yeast samples, on the other hand, were subject to 

much stronger photobleaching, as shown in Figure 3-18. The yeast strain in this 

experiment was an endogenously-labelled heterozygous diploid containing one ASK1-
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mTq2FP allele and one wild-type ASK1 allele, and thus ~50% of the Ask1p proteins 

should be labelled with mTq2FP. Even for this outer kinetochore protein with a relatively 

high abundance (Table 3-1), the kinetochore foci became hardly distinguishable from the 

cellular background under 100 µW or 50 µW excitation. When excited using the three 

higher excitation powers, the fluorescence measured from the segmented kinetochore foci 

exhibited a decrease over time, especially at the start of the excitation. The decrease is 

consistent with the photobleaching of the cellular autofluorescence, as this 

autofluorescence showed a similar decrease under prolonged excitation. In fact, the net 

fluorescence from mTq2FP, calculated by subtracting the fluorescence from the 

kinetochore foci with the cellular autofluorescence, was relatively stable. Intriguingly, 

the net FP fluorescence did not scale proportionally with the excitation power, the cause 

of which is unclear. One possible explanation is that the actual values of the power used 

were not accurate due to drift in the laser power after calibration at the sample plane; yet 

this notion is not supported by the results from the SC+ADE datasets (Figure 3-17). It is 

also possible that the much lower net FP signal in the 150 µW excitation case was related 

to being imaged 2-3 hours later than the other two cases, which may result in the cell 

culture becoming too dense and the cells no longer being in log phase. Nevertheless, from 

these results I came to the following conclusions: 

1. The photobleaching of the cellular autofluorescence is the main cause of the 

photobleaching of the measured fluorescence from the kinetochore foci; 

2. The net FP fluorescence from the kinetochore foci, which is the signal of interest 

for my experiments, is relatively stable under a reasonable excitation power, and 

consequently an excitation power of 200 µW at the sample plane was chosen for 

the FLIM experiments on imaging mTq2FP; 

3. To improve the S/N in a FLIM dataset, before sampling the fluorescence decay of 

interest the cellular autofluorescence in the FOV should be pre-photobleached; 

based on the photobleaching curve for the cellular autofluorescence under 200 

µW excitation, a 15-second pre-photobleaching duration was chosen, so that the 

autofluorescence should be much reduced when sampling the fluorescence decay 

of interest. 
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Figure 3-19 Photobleaching curves for the fluorescence signals measured from an 
endogenously-labelled heterozygous diploid yeast strain containing one SPC24-
GFP allele under 150 µW excitation 

The excitation power was measured at the objective lens’ focal plane. Note the abnormal rises in 
both the blue and the yellow curves, which suggest that the GFP variant in use (GFP S65T) 
underwent either photoactivation or reversible photobleaching during the photobleaching process. 

Similar results were obtained for photobleaching experiments on GFP. Figure 3-19 shows 

the results from an endogenously-labelled heterozygous diploid containing one SPC24-

GFP allele and one wild-type SPC24 allele under 150 µW excitation. Compared with the 

curves shown in Figure 3-18c, where the same excitation power was used for imaging 

cells with mTq2FP, it is clear that the GFP cells exhibited cellular autofluorescence of a 

similar photobleaching kinetics but a much lower brightness, possibly because of the 

different emission filter used or because these cells have a different genetic background 

(S288C) from the mTq2FP ones (W303)471. The kinetochore foci with the GFP tags were, 

on the other hand, brighter than when labelled with mTq2FP, and were still easily 

distinguishable from the cellular autofluorescence under 150 µW excitation. This 

excitation power was subsequently used for all the FLIM experiments on the GFP strains, 

together with a pre-photobleaching duration of 6 s to suppress cellular autofluorescence. 

Notably, both the fluorescence from the kinetochore foci and the net FP fluorescence 

appeared to undergo some photoactivation or reversible photobleaching at the beginning 
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of the photobleaching curves, which was not seen for mTq2FP but has been reported in 

other studies451,452,472. While this effect may not strongly impact the FLIM results in terms 

of revealing FRET, it may introduce additional noise to the data and suggests that the 

donor for FLIM FRET studies should be chosen with care. 

3.4.3 The modified data acquisition workflow 

Incorporating the modifications described above, the data acquisition workflow used in 

my FLIM HCA experiments is summarised below: 

 

Figure 3-20 An exemplar plate map for a FLIM HCA experiment on studying PPIs 
at the budding yeast kinetochore 

This exemplar map shows how the wells in a 96-well plate were typical arranged for the 
experiments reported in Chapter 4. The grid denotes a 96-well plate. The letters to the left of the 
grid denote the row numbers, whilst the numbers to the top denote the column numbers. C6: 
Coumarin 6. QF: quenched fluorescein. S+A: SC+ADE medium. -L+A: -LEU+ADE medium. 
PT208: unlabelled diploid strain. PT197, PT261, pHT522, PT270, PT244, PT267, pHT449: 
fluorescently-labelled strains for FLIM imaging. For details of these strains, please refer to Table 
4-1. The automated data acquistion for the fluorescently-labelled strains were set to operate in the 
“horizontal snake” mode, i.e. first horizontally from B10 to B4, then from C4 to C10, and finally 
from D10 to D4. 
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1. Prepare the budding yeast samples for the FLIM experiment: 

o For each yeast strain to be imaged, pick a single colony of cells grown on 

an agar plate and grow them overnight in 5 ml SC+ADE (or -LEU+ADE 

for plasmid-containing strains) in a 23˚C shaking incubator; 

o On the day of the experiment, dilute 100 µl of each overnight culture in 2 

ml fresh SC+ADE (or -LEU+ADE), and incubate the new culture at 23˚C 

with shaking for ~3 hr; 

o Seal the Falcon round-bottom polypropylene tubes containing the cultures, 

and transport them from the yeast lab to the FLIM lab (which takes ~1 hr); 

o Upon arrival, unseal the tubes and incubate them at room temperature 

(~24˚C) with shaking for ~1 hr (while setting up the FLIM instrument); 

o After setting up the instrument (details of which are given below), transfer 

each culture into 3 wells on a glass-bottom 96-well plate (SensoPlateTM, 

Grenier Bio-One GmbH, Germany), with 200 µl for each well; 

o Transfer the reference dyes (75 µM Coumarin 6, and 250 µM fluorescein 

quenched by 2 M KI), the imaging medium SC+ADE (and/or -

LEU+ADE), the MilliQ water, and some unlabelled cells into additional 

wells, with 200µl for each well; 

o Figure 3-20 shows an exemplar plate map for a typical experiment. Note 

that the culture of each strain is transferred into 3 wells that are in different 

rows but the same column, and the order of the columns containing 

different strains are randomised for each experiment. The automated 

image acquisition should be set to operate in the “horizontal snake” mode, 

with which the acquisition goes from left to right for one row and then 

from right to left for the following row, so as to partially randomise the 

timing of imaging for the different strains in the same row.  

o The 96-well plate should then be placed into the microscope chamber at 

room temperature ~1 hr before imaging the cells to allow the cells to settle, 

and within this hour the finely sampled FLIM datasets of the reference 

dyes can be acquired. 

2. Set up the FLIM instrument: 
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o Switch on all the associated parts of the instrument, e.g. the Ti:Sapphire 

laser, the microscope frame control, the x-y stage control, etc., and start 

up the custom µManager plug-in for controlling the instrument; 

o Tune the output wavelength of the laser to the desired value (868 nm for 

mTq2FP imaging and 975 nm for GFP imaging, which after frequency 

doubling will become 434 nm and 487.5 nm, respectively), and adjust the 

direction of the laser beam and the position of the input facet of the optical 

fibre to optimise the coupling efficiency to >50%; 

o Using the µManager plug-in, select the appropriate ND filter (ND0), 

excitation filter (434/17 nm for mTq2FP imaging and none for GFP 

imaging), dichroic filter (457/514/647 nm for mTq2FP and 488/561 nm 

for GFP), and emission filter (482/35 nm for mTq2FP and 520/35 nm for 

GFP) for imaging the yeast samples. Note that due to the relative 

monochromaticity of the excitation radiation and the lack of a suitable 

filter at hand, no excitation filter was used for the experiments imaging the 

GFP donor; 

o Select the 60x water-immersion objective using the µManager plug-in, 

and set up the micropump for retaining the immersion liquid as shown in 

Section 3.3.2 and Figure 3-15. Note that the objective lens should be 

surrounded by tissue paper to absorb excess water, and the correction 

collar on the objective lens should be checked to be at the right position 

(0.17 for matching the #1.5 thickness of the 96-well plate’s glass bottom); 

o Adjust the excitation power at the sample plane, by putting a microscope 

slide photodiode sensor (S170C, Thorlabs Inc., Germany) onto the 

motorised x-y stage, adjusting the z-position of objective so that the 

immersion water is in contact with the sensor’s glass surface, and rotating 

the half-wave plate in front of the output port of the Ti:Sapphire laser 

(Figure 3-14) until the power measured by the sensor reaches the desired 

value (200 µW for mTq2FP imaging and 150 µW for GFP imaging); 

o Set up the ZDC unit for autofocusing using the µManager plug-in, by 

putting the 96-well plate onto the x-y stage, moving to the well containing 

the unlabelled cells, manually adjusting the z position of the objective lens 
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until the cells are in focus under bright-field illumination when viewed 

from the eyepieces, and then setting the autofocus search range to 300 µm 

and the autofocus offset to 3.5 µm, and lastly manually running the 

autofocus once so that the current z position is set as a reference point for 

autofocusing during the later automated FLIM acquisition; 

o Set the GOI to operate at 80 MHz (matching the repetition rate of the laser 

pulses) with 4 ns gate width and 850 V gain voltage and, in the µManager 

plug-in, select the calibration file specific for the laser and the fine delay 

unit in use. (This ensures the correct delay time between the excitation 

pulse and the switching of the GOI gate voltage is set when commanded 

by the µManager plug-in. The calibration file takes account of the 

excitation pulse repetition rate and the specific fine delay unit in use); 

o Set the CCD camera to operate with 4x4 hardware binning and 200 ms 

exposure time and adjust the two camera lenses between the GOI and the 

CCD camera to ensure that both apertures are fully open and the lenses are 

focused to infinity so that single photon detection events imaged by the 

camera are in focus. 

3. Take a finely-sampled FLIM dataset of the reference dye Coumarin 6: 

o Move to the well containing 200 µl 75µM Coumarin 6 dissolved in ethanol; 

o Perform autofocusing; 

o Acquire live images of the dye and use the “Find Max Point” function in 

the µManager plug-in to find the temporal position of the peak of the dye’s 

fluorescence decay; note that the peak intensity should be set to ~2/3 of 

the camera dynamic range to avoid saturation, by selecting an appropriate 

ND filter in the excitation laser path and setting an appropriate camera 

exposure time (if it is less than 100 ms, multiple frames should be taken 

to avoid fixed-pattern noises arising from the spinning disk; typically 300-

600 ms was used); 

o Adjust the peak position of the decay to 5500 ps using the manual coarse 

delay unit, so that the rise of the fluorescence is right at the beginning of 

the temporal window when a 4 ns gate width is used. Note that after this 
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step, the setting on the coarse delay unit should not be changed throughout 

the experiment; 

o In the µManager plug-in, set up the temporal positions of the time gates 

for finely sampling the Coumarin 6 fluorescence decay, which is from 

12500 ps to 0 ps with a 25 ps step. Note that the decay should be sampled 

in a reverse order, so as to minimise the impact of phosphorescence 

persistence from the GOI’s phosphor screen on the decay measurement; 

o Acquire the finely-sampled FLIM dataset of the Coumarin 6 dye, which 

will be used for generating a temporal shift map for the quenched 

fluorescein decay (equivalent to the IRF shift map described in Figure 3-7) 

and for assessing the performance of the FLIM instrument: when the 

instrument is performing well, the measured Coumarin 6 decay should 

appear as a mono-exponential decay with a fitted lifetime of ~2.5 ns; 

o When a 600 ms camera exposure time is used, the total acquisition time 

for this FLIM dataset is <10 min. 

4. Take a finely-sampled FLIM dataset of the quenched fluorescein reference dye 

and the associated water background: 

o These two datasets can be acquired in exactly the same way as for the 

Coumarin 6 FLIM dataset, except that there is no need to adjust the setting 

on the coarse delay unit; 

o As the fluorescence from the quenched fluorescein is much dimmer than 

that from Coumarin 6, typically a longer camera exposure time is used, 

e.g. 2 s per time-gate (which corresponds to a total acquisition time of ~30 

min per FLIM dataset, i.e. in total this step takes ~60 min).  

5. Perform automated FLIM acquisition on the budding yeast samples: 

o Check that after autofocusing the kinetochore foci can be seen in most 

cells; if not, slightly adjust the autofocus offset and retry; 

o Adjust the camera exposure time so that the maximum signal from 

kinetochore foci reaches ~2/3 of the camera’s dynamic range; 

o In the µManager plug-in, set the positions for the 7 time gates for sampling 

each decay using “auto-gating” (see Section 3.1.2), plus several additional 

gates at the beginning for pre-photobleaching the cellular 



 138 

autofluorescence (total pre-photobleaching time: 15 s for mTq2FP and 6 s 

for GFP; for details see Section 3.4.2); 

o In the µManager plug-in, select the wells to be imaged, and auto-generate 

15 non-overlapping FOVs for each well in a spiral pattern starting from 

the well centre; 

o In the µManager plug-in, set the acquisition order of the wells as shown 

in Figure 3-20, so as to average over any noise related to the timing of 

imaging, e.g. the status of the cells and the excitation power (in case there 

is a systematic drift); 

o For the data acquired for this thesis, each of the yeast strains with mTq2FP 

took ~33 min to image in each experiment (3 s camera exposure per time-

gate, 12 time-gates per FOV, 45 FOVs), while each of the GFP ones took 

~24 min (2 s camera exposure per time-gate, 10 time-gates per FOV, 45 

FOVs).  

6. Take the datasets for the constant background: 

o Shutter the excitation light; 

o Take a FLIM dataset with ~100 time gates for each of the camera settings 

used for imaging the dyes and the samples. 

7. Switch off and tidy up all the associated parts of the instrument. 

8. Additional notes: 

o During the experiment the ambient light (e.g. the room light and the 

microscope chamber light) should be kept to a minimum; 

o There need be enough cells in each FOV to provide sufficient photons for 

accurate lifetime fitting, while the cell culture should also be in log phase 

and not be too dense, as otherwise the cellular autofluorescence may 

increase (Figure 3-10). Therefore, the cell density should be well 

controlled when transferring the cells into the wells, especially for those 

to be imaged towards the end of the experiment, by adding less cell 

cultures to the wells and diluting them with fresh imaging medium to a 

full volume of 200 µl. Besides, the total length of the automated yeast 

imaging step should be controlled. For the experiments reported in this 
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thesis, no more than 10 strains were imaged in each single experiment, i.e. 

the longest acquisition time was <6 hr.  

3.5 Development of the data analysis workflow 

This section describes the data analysis workflow specifically developed for the yeast 

kinetochore FLIM data. This workflow differs from the generic one introduced in Section 

3.1.3 in two main aspects: the use of a custom MATLAB-based tool to generate the 

kinetochore-segmented TVB-subtracted FLIM datasets (where the local TVB from the 

cellular autofluorescence around each kinetochore focus is subtracted and thus 

theoretically there is only the FP fluorescence of interest in each dataset), and the use of 

FLIMfit to perform image-wise mono-exponential fitting using the DFCM based on the 

quenched fluorescein decay instead of the method based on the scatter IRF. These two 

aspects are discussed respectively in the following subsections, together with the 

statistical test chosen for comparing the image-wise lifetime results. 

3.5.1 Image processing using a custom MATLAB-based tool 

The raw FLIM datasets for the samples acquired following the workflow above contained 

not only the fluorescence of interest from the donor FPs at the kinetochores but also 

unwanted background signals from the cellular and medium autofluorescence and the 

bright dead cells. For extracting the FP fluorescence of interest in a high-throughput 

manner for the subsequent lifetime analysis, I wrote a MATLAB-based tool to process 

the raw datasets. Figure 3-21 shows the GUI of this tool. Figure 3-21 
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The tool requires two inputs: the directory of the folder containing the raw FLIM datasets, 

and the directory of the constant background dataset. The subfolders for storing the 

outputs of the tool can be generated automatically within the raw dataset folder.  

For processing the raw FLIM datasets, the constant background is first calculated as the 

mean pixel value from the constant background dataset and removed from the raw FLIM 

datasets. The multiple time-gated images of each of the constant background-subtracted 

FLIM datasets are then summed to generate an integrated intensity image. Subsequently, 

an interactive list for all the generated integrated intensity images is created and, upon 

selection, the corresponding image is displayed on the GUI as shown in Figure 3-21. As 

outlined in the protocol for characterising the photobleaching behaviours (Section 3.4.2), 

these integrated intensity images are used for creating the masks for excluding the dead 

cells, selecting the kinetochore foci, and evaluating the local TVB around each 

kinetochore focus. 

 

Figure 3-22 The generation of the dead-cell masks 

(a) Exemplar settings for generating the dead-cell masks. (b) An exemplar dead-cell mask 
overlayed on an intensity image, showing the bright dead cell being picked out by the mask in 
green. 

The generation of the dead-cell masks is based on the high brightness and the large size 

of a dead cell. As shown in Figure 3-22a, the tool requires the input of two parameters to 

perform this task. The first one is a scaling factor for the global standard deviation of the 

pixel values, i.e. the standard deviation of the pixel values from all the FLIM datasets for 

the imaged strain of interest. A threshold in the pixel value is set to the global mean pixel 

value plus the product of the global standard deviation and the scaling factor, so that only 
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regions with high pixel values will be selected after the thresholding, which may include 

both the dead cells and the kinetochore foci. These regions are then filtered by the second 

parameter, which is the minimal size in pixel number for which a region can be considered 

as a dead cell, noting that the dead cells are much larger than the kinetochore foci. Lastly, 

each segmented dead cell region is dilated by 6 pixels to cover a larger area, so that the 

areas proximal to the dead cells that may present above average noise are also excluded 

for the following analysis. Figure 3-22b shows an exemplar dead cell mask overlaying 

with the integrated intensity image, which can be displayed on the GUI as a feedback of 

the operation so that changes can be made to the two user-defined parameters until the 

best choice is found. 

 

Figure 3-23 The generation of the kinetochore segmentation masks 

(a) Exemplar settings for kinetochore segmentation. (b) An exemplar result of kinetochore 
segmentation, with the segmented kinetochore foci highlighted in blue. (c) The segmented 3x3 
region for each kinetochore focus and the corresponding region for quantifying the local TVB 
background. Adapted from Ref.439. 
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The segmentation of the kinetochore foci (Figure 3-23) is generally based on the NTH 

algorithm, which first performs a pixel-wise transformation on the integrated intensity 

image to enhance the pixels that are bright themselves, have a bright close vicinity (set 

by the parameter “Scale” in Figure 3-23a), and have a dim far vicinity (set by the 

parameter “Relative BG scale” in Figure 3-23a), and then thresholds the resulting image 

by a user-defined value (set by the parameter “Threshold” in Figure 3-23a). This 

algorithm works well for picking out bright regions of a regular shape, and thus is ideal 

for segmenting the spot-like kinetochore foci. One issue with the NTH algorithm, 

however, is that the sizes of the segmented regions are sensitive to the manually selected 

threshold despite the use of the “Scale” parameter, which may introduce some 

inconsistencies when processing images from different yeast samples. To cope with this 

issue, I extended the NTH algorithm to pick out only the brightest pixel in each of the 

initially segmented regions. Following that, the segmented pixels are filtered by the dead 

cell mask to remove the pixels in the dead cells, and then further filtered to include only 

the pixels with values within a window defined by the mean value of the segmented 

pixels, the corresponding standard deviation, and two factors that scale the standard 

deviation to set the lower and the upper limits. Finally, the kinetochore segmentation 

masks are saved to the designated directory and displayed on the GUI with 1-pixel 

dilation to show clearly the coverage of the kinetochore foci (Figure 3-23b).  

The last step is generating the TVB-subtracted FLIM datasets. For this purpose, the 

constant background-subtracted FLIM datasets and the kinetochore segmentation masks 

are needed. The first few time-gated images acquired during the pre-photobleaching 

period should first be removed from each constant background-subtracted FLIM dataset. 

Next, the resulting FLIM datasets are combined with the kinetochore segmentation masks 

to include only the fluorescence from the kinetochore foci. Note that, as shown in Figure 

3-23c, each of the 1x1 segmented regions in the masks is dilated to a 3x3 region here, 

which corresponds to an area of 1.8 µm x 1.8 µm, which is much larger than the size of a 

kinetochore focus, so that even if the kinetochore focus was not completely stationary, 

the FP signal of interest can still be extracted. The local TVB for each segmented 

kinetochore region is subsequently calculated as the median pixel value of the pixels in a 
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7x7 hollow square with 1-pixel thickness around the kinetochore region in each temporal 

slice (Figure 3-23c), and this is then subtracted from the mean value of the pixels in the 

kinetochore region in each corresponding time-gated image. The final products of this 

step are FLIM datasets where, in each time-gated image, only the pixels in the 3x3 

kinetochore regions have non-zero local-TVB-subtracted values (Figure 3-24). These 

TVB-subtracted FKIM datasets can be loaded into FLIMfit for lifetime analysis.  

 

Figure 3-24 Screenshot of an exemplar TVB-subtracted FLIM dataset loaded into 
FLIMfit with cells expressing Spc24p-GFP and no mCherry 

In a TVB-subtracted FLIM dataset, only pixels corresponding to the segmented kinetochore 
regions have non-zero pixel values. The pixel values for all other pixels are set to zero, so that 
when the dataset is loaded into FLIMfit, no additional step is needed for segmenting the 
kinetochore foci. 

3.5.2 FLIM analysis using FLIMfit 

As the TVB-subtracted datasets generated via the image processing tool are already 

segmented for the kinetochore foci and free from the constant background and the TVB, 

the analysis of these FLIM datasets is more straightforward than the generic workflow 

introduced in Section 3.1.3. This subsection describes the new workflow that I developed. 

Firstly, although the fluorescence decay from the quenched fluorescein dye was measured 

as an alternative to the scatter IRF, a shift map for this fluorescence decay needs to be 

generated in the same way as for the IRF shift map (Section 3.1.3), i.e. utilising the 

Coumarin 6 FLIM dataset, to account for the irising effect of the GOI. 
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Next, the fluorescence lifetime of the Coumarin 6 dye should be fitted using the DFCM. 

To do this, the shift map for the quenched fluorescein decay should be loaded as the IRF, 

and the IRF type should be set to “Reference” to instruct FLIMfit to operate in DFCM 

mode. A global mono-exponential fit is then performed for the Coumarin 6 decay dataset, 

with the reference lifetime (of the quenched fluorescein dye) being globally fitted as well. 

If the fitted lifetime of the Coumarin 6 decay is as expected (~2.5 ns), the reference 

lifetime needed for the DFCM can be fixed to this fitted value and be used for the lifetime 

fitting of the fluorescence from the yeast cells. 

 

Figure 3-25 Lifetime fitting for the Coumarin 6 fluorescence decay using the DFCM 
and a fitted reference lifetime for the quenched fluorescein decay 

The fluorescence lifetime of Coumarin 6 was globally fitted to be 2481 ps, whilst the reference 
lifetime of the quenched fluorescein solution was simultaneously fitted to be 152 ps. The fitted 
lifetime of Coumarin 6 is close to the expected value of ~2.5 ns, suggesting that the DFCM 
approach using the quenched fluorescein decay enables accurate lifetime fitting. The fitted 
reference lifetime of 152 ps were then applied to analyse the FLIM data from the yeast samples. 
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Figure 3-26 Fitting result of the fluorescence decay from the TVB-subtracted 
dataset shown in Figure 3-24 (with cells expressing Spc24p-GFP and no mCherry) 

Using the DFCM and the TVB-subtracted dataset, the image-wise fluorescence lifetime of GFP 
in cells expressing Spc24p-GFP and no mCherry was fitted to be 2627 ps, close to the expected 
non-FRETing lifetime of GFP (~2.6 ns). 

With the acquired reference lifetime, the TVB-subtracted FLIM datasets of the yeast 

samples can be analysed using the DFCM. Considering the relatively low number of the 

FPs at each kinetochore focus, and that the fluorescence from each kinetochore focus 

should be subject to some significant noise owing to the strong autofluorescence 

background and other complexities in the biology, etc., I decided to analyse the data using 

image-wise mono-exponential fitting with global analysis, i.e. to combine all the photons 

in one FOV for a robustly fitted effective lifetime, instead of performing pixel-wise fitting 

or fitting the data to a more complex decay model (both of which were tried, but did not 

improve the results – data not shown). For each strain in one experiment, there should be 

45 fitted effective lifetime values, assuming that the FLIM datasets of all FOVs have been 

acquires with sufficient detected photons. Figure 3-26 shows an example of fitting the 

fluorescence decay from the TVB-subtracted FLIM dataset represented in Figure 3-24, 

where a large number of the heterozygous diploid cells expressing the relatively abundant 
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KP Spc24p labelled with the GFP donor were imaged. Consequently, the average 

fluorescence decay of all signals from the FOV was not too noisy, and the fitted lifetime 

was close to the expected value of the GFP donor (~2.6 ns). 

3.5.3 The chosen statistical test for comparing the lifetime results 

As discussed in the following two chapters, the FLIM HCA experiments performed for 

this thesis involved comparing the lifetime results from various pairs of yeast strains. In 

each pair, one strain was the query strain in which the presence of FRET was under 

investigation, while the other was the negative control for FRET that contained only the 

donor fluorophore but not the acceptor. The presence of FRET in the query strain would 

be supported if the query strain exhibited a donor fluorescence lifetime shorter than that 

of the negative control. For making such a comparison, a statistical test should be 

performed on two sets of lifetime results from the pair of strains. Based on the nature of 

the lifetime results, I chose to use the two-sided Wilcoxon rank-sum test473. The two-

sided Wilcoxon rank-sum test is a non-parametric counterpart of the t-test for examining 

whether the two populations where two independent samples were acquired have the 

same distribution. Being a non-parametric test, it makes no assumption on the normality 

of the data and is also less sensitive to outliers, and therefore is more suitable for analysing 

the FLIM data in this project. It tests the null hypothesis that a randomly sampled value 

from one population is equally likely to be smaller or larger than a randomly sampled 

value from the other population by mixing all the values in the two independent samples 

together, ranking them in an ascending order, assigning a rank to each value (starting 

from 1 for the smallest value), and then summing the ranks of the values belonging to 

each sample, respectively, resulting in a rank sum for each sample. When performing the 

test by hand, one can then refer to the Wilcoxon rank-sum table with the rank sum for the 

first sample and the sizes of the two samples to find the corresponding p-value, i.e. the 

probability that the null hypothesis is true when such a rank sum is acquired. 

Alternatively, one can perform the test and acquire a p-value using a software package 

on a computer; for the tests performed in this project I used the ranksum function in 

MATLAB. If the acquired p-value is smaller than the chosen level of significance 𝛼 (for 

this project 𝛼 was chosen to be 0.05), the null hypothesis should be rejected, and it is 

supported that the two distributions of the two populations are significantly different. I 
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also employed the Bonferroni correction to correct the level of significance 𝛼 when a 

negative control was compared with multiple query strains474. With the Bonferroni 

correction, when 𝑛 statistical comparisons are made, the level of significance 𝛼 would be 

corrected to 1 𝑛`  of the original value (i.e. 𝛼 = Z.Zz
@

 for this project) before being 

compared with the p-value(s). Correcting 𝛼  when multiple comparisons are made is 

necessary for controlling the family-wise error rate, i.e. the probability of getting a Type 

I error (i.e. incorrectly rejecting the null hypothesis). While there are many other methods 

for correcting 𝛼, the Bonferroni correction was chosen for this project as it is one of the 

most stringent ones and is straightforward to perform. 

In order to examine the reproducibility of the FLIM results, as well as to acquire large 

sample sizes for more robust and informative statistical comparisons, each yeast strain 

used for the FLIM experiments in this thesis were imaged in at least two separate 

experiments. In principle, the results for the same strain from multiple experiments may 

be directly combined prior to statistical testing; however, the combination process was 

not trivial and required careful examination. This is described in detail in the following 

two chapters together with the corresponding lifetime data. 

3.6 Summary and discussion 

This chapter describes the openFLIM-HCA platform developed by the Photonics group 

at Imperial College London and outlines how I developed it for performing FLIM HCA 

on the in vivo interactions between FP-labelled endogenous proteins at budding yeast 

kinetochores.  

As discussed in the following two chapters, this new FLIM HCA methodology enabled 

small changes in the donor fluorescence lifetimes between the query strains and the 

negative controls to be discriminated while imaging multiple yeast strains (up to 10) in a 

single experiment on a reasonable time scale (~33 min per strain for the mTq2FP 

experiments and ~24 min per strain for the GFP experiments). Nevertheless, I believe 

there is still room for improvements in terms of both the precision of lifetime- 

measurement and the imaging speed. While these two aspects appear to be contradictory, 
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as the S/N needs to be higher for improving the precision but tends to be lower when 

imaging faster, it should be possible to achieve both by using a more suitable donor FP. 

The donor FP should be chosen based on its brightness and also its photobleaching and 

spectral properties, so as to withstand a higher excitation power and to better distinguish 

its fluorescence from the cellular autofluorescence that is mainly in the blue and green 

part of the visible spectrum. The density of cells to be imaged may also be better 

controlled, so that each FOV can contain sufficient cells, but not too many to end up with 

reduced cell fitness and elevated autofluorescence. It may also be advantageous to sample 

the fluorescence decays with fewer time gates since the FLIM data is fitted to a mono-

exponential decay model, hence improving the imaging speed, while retaining the 

lifetime discrimination. It may also be possible to improve on the segmentation algorithm, 

e.g. using a machine-learning-based approach to more faithfully extract the signals from 

the FPs and exclude the dead cells, and thereby improve the accuracy and precision of 

the fluorescence lifetime measurements. Overall, many aspects of strain design, sample 

preparation, data acquisition and data analysis may be optimised. However, due to the 

time constraints of my PhD project, I judged that the methodology described here would 

be able to validate the use of FLIM FRET for budding yeast kinetochores.  
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Chapter 4. Application of openFLIM-HCA to study in 
vivo interactions between FP-labelled endogenous 
kinetochore proteins 

This chapter reports the demonstration of the capability of the openFLIM-HCA platform 

to study interactions between endogenous kinetochore proteins (KPs) that are labelled by 

fluorescent proteins (FPs) in live budding yeast cells using FRET, which can provide 

information about the kinetochore architecture on the nanometre scale. The chapter 

begins with a brief overview of the importance of the budding yeast kinetochore 

architecture. This is followed by a description of the FLIM HCA results, including how 

the raw fluorescence lifetime data from multiple experiments were combined and filtered 

before being subject to statistical comparisons. The final section then summarises the 

results and discusses how to improve the experimental design in order to better reveal 

protein-protein interactions (PPIs) at the budding yeast kinetochore using FLIM HCA. 

Part of the work presented here has been published439.  

4.1 Introduction 

The kinetochore of the budding yeast Saccharomyces cerevisiae is an excellent example 

of how the notion “form follows function” applies in biology. As reviewed in Section 1.2, 

the multi-layer architecture of the budding yeast kinetochore, comprising >60 types of 

constitutively-presented kinetochore proteins (KPs) as well as transiently-associated 

proteins, elegantly facilitates the kinetochore’s key functions in ensuring faithful 

chromosome segregation475–477. The current understanding of the functions of both the 

budding yeast kinetochore and its human homolog has been largely gained from studies 

on the kinetochore architecture, including those on the structures of the constituent KPs 

and subcomplexes (e.g. Refs.231,243,268,270,313,478) as well as those on the assembly of these 

KPs and subcomplexes into an intact kinetochore (e.g. Refs.230,240,242,317). As reviewed in 

Section 1.2.3, a variety of experimental methods have contributed to these works, ranging 
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from in vitro methods like immunoprecipitation and mass spectroscopy to in vivo 

fluorescence microscopy.  

In this chapter I present my work applying the FLIM HCA methodology described in 

Chapter 3 to identify close (<~10 nm) interactions between FP-labelled endogenous KPs 

in live cells using FRET. The results of this work showed that, despite the challenges 

described in Section 3.2, the FLIM HCA methodology was able to quantify the donor 

fluorescence lifetime even when the donor was tagged to an endogenous KP with a copy 

number of only ~2 per kinetochore under an average labelling efficiency of 50%. The 

measurement of FRET between fluorophores labelling KPs that are known to form dimers 

validated the capability of the method for identifying PPIs. This work not only 

demonstrates that the FLIM HCA methodology can serve as a useful tool for in vivo 

studies on the kinetochore architecture, but also indicates that the method may be utilised 

to identify the interacting partners of regulatory proteins, e.g. Rdh54p, at the kinetochore 

for better understanding the molecular mechanisms governing the kinetochore’s functions 

(see Chapter 5).  

4.2 Results 

4.2.1 Strains and plasmids constructed for the experiments 

For the FLIM FRET experiments reported in this chapter, I constructed 16 diploid yeast 

strains expressing KPs labelled with the mTurquoise2 fluorescent protein (mTq2FP) 

and/or the yellow fluorescent protein (YFP). These strains were created by transformation 

of wild-type yeast with linear targeting constructs that fuse the sequence encoding the 

fluorophore in frame with the endogenous KP gene. mTq2FP, a monomeric variant of the 

cyan fluorescent protein (CFP), was chosen to be the donor fluorescent protein for FRET 

because of the favourable characteristics it exhibits, e.g. high brightness, high 

photostability, and a mono-exponential intrinsic fluorescence lifetime (~4 ns)453, which 

are all desirable for FLIM FRET assays. YFP was chosen as the FRET acceptor because 

it has the appropriate spectral properties for FRET with mTq2FP. In addition, I also 

constructed 4 yeast plasmids under a constitutively active CUP1 promoter435, each 
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expressing a KP tandemly tagged by mTq2FP and YFP, and transformed them into 

unlabelled diploid cells, respectively. Lists of these strains and plasmids are provided in 

Table 2-2 and Table 2-3. 

 

Figure 4-1 Kinetochore proteins selected for being respectively labelled by the 
FRET donor mTq2FP 

The approximate localisations of the 6 selected KPs (Ndc10p, Mtw1p, Spc24p, Ndc80p) along 
the kinetochore-microtubule axis are highlighted on a schematic of the budding yeast kinetochore. 
Adapted from Ref.439. 

I categorised the strains and the plasmids above into 6 groups, based on which of the 6 

selected KPs (Ndc10p, Mtw1p, Spc24p, Ndc80p, Nuf2p, Ask1p) was tagged with the 

donor mTq2FP. The 6 KPs were selected to represent different locations along the 

kinetochore-microtubule axis. In each group there was at least one query strain and one 

negative control for FRET. The query strain was dual-labelled with both mTq2FP and 

YFP for FRET measurements, where the genes of the two fluorophores were either fused 

to the genes of two different KPs (e.g. expressing Ndc10p-mTq2FP and Ask1p-YFP) or 

fused to the two alleles of the same KP gene (e.g. expressing Ndc10p-mTq2FP and 

Ndc10p-YFP), while the negative control was a donor-only strain expressing no YFP 

(and therefore no FRET acceptor for mTq2FP). Additionally, for 4 of the 6 groups there 

was also a positive control for FRET in each group, which was a diploid strain containing 

the aforementioned plasmid expressing the chosen KP tandemly tagged by mTq2FP and 

YFP. As the mTq2FP and the YFP here were linked by an 8-amino-acid flexible linker 

(four repeats of glycine-serine), they should be close enough for FRET to always occur. 
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These three types of strains in the Spc24p-mTq2FP group are shown in Figure 4-2 as an 

example. By comparing the donor fluorescence lifetimes measured from a positive 

control and from a negative control, it is possible to assess whether the FLIM HCA 

methodology can detect FRET at the yeast kinetochore. Similarly, comparing the donor 

fluorescence lifetimes measured from a query strain and a negative control could provide 

information about the kinetochore structure. Furthermore, the comparison between the 

FLIM results and the previous knowledge of the kinetochore structure could be used to 

confirm the FLIM HCA methodology can reveal close proximity (and therefore 

interactions) between FP-labelled endogenous proteins at the kinetochores of live 

budding yeast cells. Table 4-1 summarises all these strains involved in the FLIM 

experiments. 
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Figure 4-2 The three types of strains in the Spc24p-mTq2FP group 

(a) The positive control strain with Spc24p tandemly tagged by the FRET donor mTq2FP and the 
FRET acceptor YFP. (b) The negative control strain with only Spc24p-mTq2FP and no YFP. (c) 
The query strain where Spc24p is tagged by mTq2FP whilst Spc25p is tagged by YFP. Adapted 
from Ref.439. 

Table 4-1 Strains imaged in the FLIM experiments reported in this chapter 

Group Name Strain type Relevant genotype 

Ndc10p-
mTq2FP 

PT208 + pHT449 Wild-type + positive 
control plasmid NDC10-mTq2FP-YFP 

PT197 Query NDC10-mTq2FP/NDC10-YFP 



 155 

PT270 Query 
NDC10-mTq2FP/NDC10 

ASK1-YFP/ASK1-YFP 

PT261 Negative control 
NDC10-mTq2FP/NDC10 

No YFP 

Mtw1p-
mTq2FP 

PT208 + pHT448 Wild-type + positive 
control plasmid MTW1-mTq2FP-YFP 

PT194 Query MTW1-mTq2FP/MTW1-YFP 

PT268 Query 
MTW1-mTq2FP/MTW1 

CTF19-YFP/CTF19-YFP 

PT269 Query 
MTW1-mTq2FP/MTW1 

NDC10-YFP/NDC10-YFP 

PT260 Negative control 
MTW1-mTq2FP/MTW1 

No YFP 

Spc24p-
mTq2FP 

PT208 + pHT522 Wild-type + positive 
control plasmid SPC24-mTq2FP-YFP 

PT267 Query 
SPC24-mTq2FP/SPC24 

SPC25-YFP/SPC25-YFP 

PT244 Negative control 
SPC24-mTq2FP/SPC24 

No YFP 

Nuf2p-
mTq2FP 

PT276 Query 
NUF2-mTq2FP/NUF2 

ASK1-YFP/ASK1 

PT279 Negative control 
NUF2-mTq2FP/NUF2 

No YFP 

Ndc80p-
mTq2FP 

PT273 Query 
NDC80-mTq2FP/NDC80 

NUF2-YFP/NUF2 

PT278 Negative control 
NDC80-mTq2FP/NDC80 

No YFP 

Ask1p-
mTq2FP 

PT208 + pHT446 Wild-type + positive 
control plasmid ASK1-mTq2FP-YFP 

PT192 Query ASK1-mTq2FP/ASK11-YFP 

PT266 Query 
ASK1-mTq2FP/ASK1 

 NDC10-YFP/NDC10-YFP 

PT258 Negative control 
ASK1-mTq2FP/ASK1 

No YFP 
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Notably, as shown later in this chapter, mTq2FP presented slightly different non-

FRETing lifetimes in the 6 donor-only negative controls. As mTq2FP was tagged to 

different KPs in these strains, the lifetime differences could be due to the different local 

molecular environment. Consequently, donor lifetimes were only compared between two 

strains in the same group, where the FRET donor mTq2FP was labelling the same KP.  

In order to increase the likelihood of the donor fluorophores undergoing FRET, I 

constructed all but two of the dual-labelled query strains to be heterozygously-tagged for 

the donor mTq2FP-tagged KP gene (with one wild-type allele and one allele fused to the 

mTq2FP gene) but homozygously tagged for the acceptor YFP-tagged KP gene. The two 

exceptions are the query strains in the Ndc80p-mTq2FP group and the Nuf2p-mTq2FP 

group (highlighted in red in Table 4-1). These two strains failed to produce spores, 

possibly because the FP-tagged KPs affected meiosis, and therefore could not be 

engineered by further sporulation and crossing for making them homozygous for the 

acceptor FP-tagged KP genes. Therefore, these strains were heterozygous for both the 

FP-tagged KP genes when being imaged in the FLIM experiments. The impact of this on 

the FLIM results is discussed in Section 4.3. Briefly, the number of the acceptor YFP 

molecules in these heterozygous/homozygous strains should be approximately twice as 

many as that in a diploid strain that is heterozygous for both donor and acceptor FP-

tagged KP genes; this should increase the number of mTq2FP donors undergoing FRET 

when the two KPs being studied are in close proximity. The overall effect of this increased 

number of FRETing mTq2FPs should be an enhanced reduction in the effective donor 

fluorescence lifetime obtained from a mono-exponential fit.  

To create these strains, I followed these steps: 

• mating one haploid MATa strain expressing the mTq2FP-tagged KP with another 

haploid MATa strain expressing the YFP-tagged KP; 

• selecting for the resulting dual-labelled diploid strain (which was heterozygous 

for both the FP-tagged KP genes) using the marker genes linked to the 

fluorophores (one encoding hygromycin resistance, the other histidine 

prototrophy); 
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• sporulating the diploid cells and then selecting for the MATa haploid spore that 

contained both FP-tagged KP genes; 

• mating the selected MATa strain with the earlier YFP-containing MATa strain; 

• selecting for the desired diploid strain using auxotrophic markers (trp1-1 and 

lys2∆). 

4.2.2 Combining the FLIM data from multiple experiments 

I performed the FLIM HCA experiments on the aforementioned yeast strains and the 

corresponding lifetime analysis for each strain in each experiment following the method 

described in Chapter 4. In each experiment, 45 FOVs were taken for each strain (from 3 

replicate wells with 15 FOVs per well) and no more than 10 strains were imaged. As each 

FOV required ~45 s for image acquisition, the whole automated acquisition took <6 hr. 

In order to acquire a larger sample size for averaging over biological and experimental 

noise, each strain was imaged in 2 - 4 separate multiwell plate experiments on different 

days. Before combining the lifetime data for each strain from these multiple experiments, 

I needed to consider whether there may be any systematic bias impacting data collected 

on different days since I noted that the lifetimes measured from each negative control 

strain could vary between experiments. If the variations in the non-FRETing lifetime 

values for each strain are systematic biases, e.g. due to instrumentation drift, then I would 

need to correct for this using a normalisation procedure. However, if the variations are 

random noise, then I can directly combine the data. 

To examine whether there were some significant systematic biases among the lifetime 

values measured from separate experiments, I globally fitted the FLIM datasets for each 

strain from each experiment to a monoexponential decay model, i.e. using all the photons 

from the ~45 FOVs to obtain a single lifetime value with the maximum precision, and 

compared the lifetime values from the strains in one experiment with those from an 

experiment performed on another day. 
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Figure 4-3 Globally fitted donor fluorescence lifetimes for the 3 non-FRETing 
strains in the Ask1p-mTq2FP group from 3 separate experiments 

The variation of the measured fluorescence lifetimes for each strain across 3 separate experiments 
is comparable to the variation of the non-FRETing lifetimes for 3 strains in each experiment, 
suggesting that the former variation is more likely caused by random noise instead of any 
systematic bias. 

Figure 4-3 plots the globally fitted lifetime values for 3 strains in the Ask1p-mTq2FP 

group from 3 separate experiments that did not undergo FRET. Since the donors in all 

these strains were tagged to the same KP and they were not undergoing FRET with the 

acceptors, they should exhibit the same non-FRETing fluorescence lifetime. As shown in 

Figure 4-3, although the lifetime results for each strain exhibited some variations across 

the 3 experiments within a range of ~200 ps, these variations seemed to indicate the effect 

of random noise rather than any systematic bias, since similar (~200 ps) levels of 

variation were seen for the non-FRETing lifetime values within a single multiwell plate 

experiment (denoted by the error bars that reported the standard deviations). Similar 

results were seen for strains in the other groups. Therefore, the lifetime results from 

multiple experiments for each strain were combined directly to make the box plots shown 

in the later subsection of this chapter (Figure 4-6 and Figure 4-7). 
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4.2.3 Filtering the image-wise FLIM results based on the total signal level 
in each FOV      

I noted that the numbers of the segmented kinetochore foci in the acquired FLIM images 

(where each kinetochore focus corresponds to a square region of 9 pixels) exhibited 

considerable variation, with a mean pixel number of 91 for each FOV and a standard 

deviation of 61. This variation in the segmented foci is a consequence of the variation in 

the numbers of cells in different FOVs.  

Despite the actions that had been taken to maintain similar cell culture densities for each 

yeast strain among multiple experiments, e.g. by ensuring that in each experiment the 

same amount of overnight stationary phase culture was diluted in fresh media and the 

resulting new culture was incubated for roughly the same amount of time before being 

transported for FLIM experiments, significant variation in cell density between FOVs 

was observed. This could be due to several factors, including how long the cell cultures 

were incubated after the final dilution before imaging (which was affected by the time 

taken for transporting the samples from the yeast lab to the FLIM lab; the time taken to 

set up the FLIM instrument, and the positions of the cultures in the 96-well plates - the 

overall acquisition time for the 96-well plate could be up to 3 hours, which is long enough 

for the cells to divide twice). The number of visible foci in each FOV could also be 

affected by how well the optical components in the FLIM instrument were aligned (which 

would mainly affect the homogeneity of the excitation power across the FOV, hence 

would cause kinetochore foci towards the edges of the FOV to be dimmer). With the 

excitation power maintained at the same level (~200 µW measured at the microscope 

objective lens’s focal plane), the variation in the numbers of segmented kinetochore foci 

in different FOVs led to variation in the total signal, i.e. in the numbers of photons 

detected from these FOVs. When performing image-wise mono-exponential fitting, all 

photons from one FOV contribute to the measured fluorescence decay to be fitted. FOVs 

containing fewer segmented kinetochore regions, and therefore fewer photons, would 

result in fluorescence decay data with lower signal-to-noise ratio (S/N), and therefore the 

fitted lifetimes would be less precise (exhibiting a wider distribution). As wide lifetime 

distributions are undesirable for making statistical comparisons, I decided to investigate 

the variation in the fitted lifetimes as a function of total signal in more detail. 
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Figure 4-4 Distributions of the fitted image-wise donor fluorescence lifetime 
against the total signal level in each FOV for the strain expressing Ask1p-mTq2FP 
and no YFP 

The wider lifetime distributions and the seemly more data points with lifetime values larger than 
4 ns at lower total signal levels suggest that there are FOVs with insufficient photon counts for 
precise and accurate lifetime determination. 

I first chose the datasets for the negative control strain in the Ask1p-mTq2FP group 

(expressing Ask1p-mTq2FP and no YFP) and plotted the fitted image-wise donor 

fluorescence lifetime against the total signal level for each FOV, as shown in Figure 4-4. 

Here the total signal level was calculated as the product of the total segmented pixel 

number and the average digital value of the segmented pixels and was in an arbitrary unit 

of “digital number”. As the total signal level should be proportional to the product of the 

detected photon number and the GOI gain, with the GOI gain voltage set to the same 

value (850 V) for all experiments the total signal level should reflect the detected photon 

number in each FOV. From the figure, it is apparent that the lifetime values for FOVs 

with lower total signal levels have wider distributions than those for FOVs with higher 

total signal levels. It can also be seen that at very low total signal levels, the fitted lifetimes 

were slightly biased to higher values (compared with the expected non-FRETing lifetime 

of ~4 ns). Overall, these results suggested that for these particular FLIM datasets there 

were some FOVs with too few photons for precisely and accurately revealing the true 

donor fluorescence lifetime. 
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Figure 4-5 Distributions of the fitted image-wise donor fluorescence lifetime 
against the total signal level in each FOV for all 6 negative control strains 

The fitted image-wise donor fluorescence lifetimes for all the 6 negative control strains exhibited 
a similar total signal level-dependent pattern. A theshold for the total signal level was 
consequently set to 1´105 digital number for excluding FOVs with insufficient photon counts 
from the following statistical comparisons. 

To see if a similar effect was present in the FLIM results for other strains, I made several 

additional plots of the relationship between the total signal level and the fitted lifetime 

for all the 6 negative control strains listed in Table 4-1, as shown in Figure 4-5. It is 

manifest that all the distributions exhibited the same trend, being wider at low signal 

levels and getting narrower with the signal levels increasing. This trend is expected due 

to the effect of the shot noise in the FLIM system: the uncertainty of the fitted lifetime 

should be inversely proportional to the square root of the number of detected photons, 

hence the higher the total signal level in a FOV the better the precision for the image-
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wise lifetime results. It also seems that, similar to the case for the strain with Ask1p-

mTq2FP and no YFP (Figure 4-4), for some of the other negative control strains the fitted 

lifetimes at low signal levels were slightly biased to higher values (compared with the 

expected value of ~4 ns). Establishing the exact cause of these biases needs further 

investigation; but it is most likely caused by slight over or under compensation for TVB 

(from the cytoplasm and cell culture medium) by the process outlined in Section 3.5.1, as 

any errors in TVB subtraction will affect the lifetime measured for dim kinetochores more 

than for bright kinetochores. 

While normally it is desirable to include the results from all the FOVs for making 

statistical inference, for the FLIM datasets presented above this may not be true, owing 

to the higher uncertainties and the potential biases in the fitted fluorescence lifetimes for 

the FOVs with lower signal levels. Consequently, I decided to filter the datasets by setting 

a global threshold for the total signal level, which was chosen to be 1´105 digital number 

as shown in Figure 4-5 (denoted as the dashed red line in each plot), and excluding all 

FOVs whose total signals levels were below that threshold. After filtering out those data 

of high-variability, statistical comparisons were then performed for the remaining lifetime 

results, as reported in the following subsections.  

4.2.4 All positive controls exhibited significantly reduced donor 
fluorescence lifetimes 

For each of the 4 positive control strains (for the Spc24p-mTq2FP, the Ndc10p-mTq2FP, 

the Mtw1p-mTq2FP, and the Ask1p-mTq2FP groups, respectively), I compared the 

measured donor fluorescence lifetime with that measured from the corresponding donor-

only negative control strain. As shown in the box plots in Figure 4-6a, Figure 4-7a, Figure 

4-7b, and Figure 4-7d, in each case the donor fluorescence lifetime measured from the 

positive control was significantly shorter than that from the negative control under the 

chosen statistical test (the two-sided Wilcoxon rank-sum test with Bonferroni correction 

for multiple comparisons; see Section 3.5.3 for details). The results demonstrate that, by 

measuring the donor fluorescence lifetime, the FLIM HCA method is capable of detecting 

FRET between closely located donor and acceptor fluorophores clustered at the compact 

budding yeast kinetochores. 
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Figure 4-6 FLIM results for the strains in the (a) Spc24p-mTq2FP and (b) Ndc80p-
mTq2FP groups 

Each box plot shows the median value (bar) and the quartiles (box) of the fitted image-wise donor 
fluorescence lifetime values. The notches indicate the 95% confidence interval of the median. 
The whiskers correspond to the minimum of the data range or 1.5×	 the interquartile range. 
Extreme data points are marked as outliers. The number of FOVs analyzed for each strain is 
shown in parentheses above the corresponding box. The statistical test performed was the two-
sided Wilcoxon rank-sum test. A Bonferroni correction was performed to correct the α	value for 
multiple comparisons in each group. P-values smaller than the corrected 𝛼	values are shown in 
the box plots. Adapted from Ref.439. 
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Figure 4-7 FLIM results for the strains in the (a) Ndc10p-mTq2FP, (b) Mtw1p-
mTq2FP, (c) Nuf2p-mTq2FP, and (d) Ask1p-mTq2FP groups 

None of the query strains in these groups showed a significantly different lifetime value compared 
with their corresponding donor-only negative controls under the two-sided Wilcoxon rank-sum 
test with the Bonferroni correction for correcting for multiple comparisons within each group. 
n.s.: non-significant. Each box plot shows the median value (bar) and the quartiles (box) of the 
fitted image-wise donor fluorescence lifetime values. The notches indicate the 95% confidence 
interval of the median. The whiskers correspond to the minimum of the data range or 1.5×	the 
interquartile range. Extreme data points are marked as outliers. The number of FOVs analyzed 
for each strain is shown in parentheses above the corresponding box. Adapted from Ref.439. 

4.2.5 Two query strains in the Spc24p-mTq2FP and the Ndc80p-mTq2FP 
groups exhibited significantly reduced donor fluorescence lifetimes 

Among the 10 query strains, 2 of them, one each in the Spc24p-mTq2FP and the Ndc80p-

mTq2FP groups, showed significantly shorter donor fluorescence lifetimes than that from 
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the corresponding negative controls, as shown in Figure 4-6, when tested individually 

with a signficance level of 𝛼=0.5 and with the Bonferroni correction applied for multiple 

comparisons within each group of strains. The median lifetime reduction seen in the strain 

expressing Spc24p-mTq2FP and Spc25p-YFP was 1064 ps (Figure 4-6a), while for the 

strain expressing Ndc80p-mTq2FP and Nuf2p-YFP the median reduction was 284 ps 

(Figure 4-6b). These data acquired with the FLIM HCA method are consistent with the 

previous notions that Spc24p dimerises with Spc25p while Ndc80p dimerises with 

Nuf2p248,252,479, and therefore support that this methodology is capable of identifying 

endogenously-tagged KPs that are in close proximity, which provides information about 

the kinetochore structure in live budding yeast cells. 

4.2.6 All other query strains exhibited no difference in the donor 
fluorescence lifetime between the corresponding negative controls 

For the remaining 8 query strains in the Ndc10p-mTq2FP, the Mtw1p-mTq2FP, the 

Nuf2p-mTq2FP, and the Ask1p-mTq2FP groups, none of them showed significantly 

different fluorescence lifetime when compared with the corresponding negative controls 

(Figure 4-7). While most of these results matched the expectations based on previous 

knowledge of the kinetochore structure, FRET was expected in the strain where Ndc10p 

was stochastically tagged by mTq2FP and YFP, as it was reported previously that in each 

kinetochore there should be two copies of Ndc10p that forms a homodimer near the 

centromere213,480. The absence of a fluorescence lifetime reduction in this strain (Figure 

4-7a) may be due to the C-termini of the two Ndc10p molecules in the homodimer being 

sufficiently far apart to prevent FRET, or it could be a false-negative result owing to the 

low copy number of this inner KP (with only ~2-4 copies in each kinetochore220–222) 

and/or the stochastic labelling strategy. Overall, these results are satisfying in that they 

suggest that the FLIM HCA methodology is largely free of false-positive results and can 

consistently read out the non-FRETing lifetimes, even for KPs with very low copy 

numbers per kinetochore. 
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4.3 Summary and discussion 

In this chapter, I have presented results for FLIM HCA experiments on the budding yeast 

kinetochore structure that explored the interactions between several pairs of FP-labelled 

endogenous KPs in asynchronised live yeast cells using FRET. The results were 

compared with prior knowledge of the kinetochore structure, so as to validate the 

capability of the FLIM HCA methodology described in Chapter 3 for identifying PPIs at 

the budding yeast kinetochore.  

For these experiments, I constructed 16 endogenously labelled diploid strains to serve as 

query strains or negative controls for FRET (Table 4-1). In addition, I constructed 4 

plasmid-containing diploid strains, which were positive controls for FRET with each 

plasmid expressing a KP tandemly tagged by mTq2FP and YFP, with a 8-amino-acid 

flexible linker in between the two FPs (Table 4-1). I chose to express these tandemly-

tagged KPs from plasmids as I was unable to label the endogenous KPs using the two-FP 

tag, which could be due to this large two-FP tag compromising the kinetochore function. 

Under a CUP1 promoter, the FP-tagged KP expressed from a plasmid should contribute 

typically half of the total number of that specific KP at the kinetochore in a diploid 

strain481.  

The 20 strains above were categorised into 6 groups, based on which of the 6 KPs 

(Ndc10p, Mtw1p, Ndc80p, Nuf2p, Spc24p, Ask1p) was labelled with the donor mTq2FP, 

and there was at least one query strain and one negative control in each group. The 

lifetime results from the FLIM HCA experiments were compared only between strains in 

the same group, as I noted that the median non-FRETing fluorescence lifetimes of 

mTq2FP measured for the negative control strains of the 6 groups (Ndc10p-mTq2FP, 

Mtw1p-mTq2FP, Ndc80p-mTq2FP, Nuf2p-mTq2FP, Spc24p-mTq2FP, Ask1p-mTq2FP) 

were different, being 4705 ps, 3863 ps, 4170 ps, 3878 ps, 3863 ps, and 3955 ps, 

respectively (with the corresponding 95% confidence intervals being 140 ps, 96 ps, 75 ps, 

140 ps, 209 ps, and 108 ps, respectively). Similar variations in fluorescence lifetime were 

also seen for green fluorescent protein (GFP) when tagged to different proteins at the 

budding yeast plasma membrane419, and it is likely to be due to that the different FP-

tagged proteins were in slightly different microenvironments. It is also possible that the 
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strategy I employed for subtracting the local TVB around each kinetochore (see Section 

3.5.1) was not optimal, which resulted in either under- or over-subtraction of the TVB 

and therefore introduced biases to the fitted lifetime values. 

In order to average over the potential biological and experimental noise, multiple FLIM 

HCA experiments were performed on each strain. As the donor fluorescence lifetimes of 

the strains in each group did not exhibit systematic shifts between different multiwell 

plate experiments, the small variations in the measured lifetimes were attributed to 

random noise instead of systematic bias, and therefore the lifetime results for from 

different experiments were directly combined together for each strain.  

The combined FLIM results for each strain were then subjected to a filtering process, 

where the lifetime values from FOVs with low total signal levels were discarded owing 

to the lower precision and accuracy they exhibited (Figure 4-4 and Figure 4-5), so that 

only the data of higher quality were used for the subsequent statistical comparisons using 

the two-sided Wilcoxon rank-sum test with the Bonferroni correction for multiple 

comparisons within each group of strains. 

In addition to the 4 positive control strains, I detected significantly reduced lifetimes in 

two query strains, in both of which KPs in the well-characterised NDC80 complex were 

fluorescently tagged. The NDC80 complex, localised at the outer kinetochore, comprises 

four components that form two heterodimers (Ndc80p-Nuf2p and Spc24p-Spc25p), and 

the C-termini of the proteins in each dimer have been shown to be in close 

proximity248,252,479. Previous ratiometric FRET measurements also indicated that the C-

termini of Spc24p and Spc25p are closer than that of the other two proteins220–222. My 

FLIM HCA results are consistent with these data. However, the ratiometric FRET 

data316,317 suggest that the FRET efficiency for the Ndc80p-mTq2FP/Nuf2p-YFP pair 

should be closer to that for the Spc24p-mTq2FP/Spc25p-YFP pair than I observed. This 

discrepancy may be partly explained by the Ndc80p-mTq2FP/Nuf2p-YFP strain I used 

for the FLIM assays was heterozygous in the Nuf2p-YFP gene, so that ~50% of the Nuf2p 

proteins were not tagged by YFP and therefore led to a lower measured “effective FRET 

efficiency”. It should also be noted that, while I applied the Bonferroni correction to 

correct for the chosen significance level of 𝛼=0.5 for multiple comparisons within each 

group of strains, I did not apply it for correcting the total of 10 comparisons between 
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query strains and negative control strains in the 6 groups. Without correction for multiple 

comparisons, a significance level of 𝛼=0.5 means that for every 20 comparisons 1 may 

appear to be a false-positive by chance. Nevertheless, the fact that two positive results 

were identified out of the total 10 comparisons and that they are supported by previous 

studies suggest that these two hits are unlikely to be false-positives. If time allowed a 

more rigorous statistical analysis could be performed to confirm these findings; 

alternately, further experiments with improved capability in discriminating small 

differences in fluorescence lifetimes could be performed. 

For the other query strains where the FRET donor/acceptor fluorophore pair were 

respectively tagged to different KPs, no significant change in the donor fluorescence 

lifetime was seen relative to that from the negative controls. These results are expected, 

as each pair of the fluorescently-tagged KPs should be well separated along the 

kinetochore-microtubule axis within each kinetochore (e.g. for Ask1p-mTq2FP/Ndc10p-

YFP, see the review by Cieśliński and Ries and references therein314). These data also 

rule out interkinetochore FRET, despite that in budding yeast all the kinetochores 

colocalise into one or two diffraction-limited foci within the nucleus. These data further 

suggest that the FLIM HCA methodology can consistently reveal the non-FRETing donor 

fluorescence lifetimes without introducing false-positive results, even when the donor-

tagged KP has a copy number as low as ~2-4 per kinetochore (e.g. Ndc10p). 

The two query strains where the FRET pair were stochastically tagged to the same type 

of KP (expressing Mtw1p-mTq2FP/Mtw1p-YFP and Ndc10p-mTq2FP/Ndc10p-YFP, 

respectively) also exhibited no significantly changed donor fluorescence lifetime. For the 

strain with fluorescently-tagged Mtw1p, the non-FRETing result is supported by a 

previous ratiometric FRET study that showed that the N-termini of Mtw1p molecules in 

one kinetochore are in close proximity, but the C-termini are not317. For the other strain, 

however, a reduction in the fluorescence lifetime of the Ndc10p-tagged mTq2FP was 

expected, as Ndc10p was expected to form a homodimer proximal to the centromere. The 

absence of FRET could be explained by the dimerisation domain of the Ndc10p being far 

away from the C terminus, and therefore the C-termini of the two Ndc10p molecules in 

one dimer are >10 nm away. This is supported by one study that reported the structure of 

Ndc10p for another yeast species, Kluyveromyces lactis, whose dimerisation domain was 
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found to be at the centre of the protein sequence213, but conflicts with another study in 

S.cerevisiae that suggested that the C-terminus of Ndc10p (residues 551-957) is 

responsible for dimerisation482. Alternatively, this could be a false-negative result caused 

by the low S/N owing to the low copy number of the Ndc10p dimer (currently thought to 

be one at each centromere), which increased the variability of the measured lifetimes (see 

the wide inter-quartile ranges in Figure 4-7a). Furthermore, since the Ndc10p molecules 

were stochastically labelled with the FRET pair, on average only ~50% of the imaged 

donors would undergo FRET. If indeed only a fraction of the Ndc10p dimers are 

undergoing FRET, the FRET signal could be too small a fraction of the measured donor 

signal to be distinguished from the non-FRETing signal. Therefore, this potential false-

negative result could be indicating the limit of the FLIM HCA methodology for studying 

proteins with extremely low copy numbers.  

For the FRET pair (mTq2FP and YFP) used in this study, the interquartile ranges of the 

donor fluorescence lifetimes measured from all the strains were 240-1450 ps. The 

corresponding 95% confidence intervals of the median lifetimes, calculated using the 

numbers of FOVs reported in Figure 4-6 and Figure 4-7 and under the assumption of 

normal distribution483, were in the range of 75-410 ps. Although the statistical power for 

revealing differences in the donor fluorescence lifetimes could be improved by increasing 

the samples sizes, as the uncertainty would decrease with the square root of the sample 

size, it would require imaging many more FOVs for a large improvement, which may not 

be practical for live cell experiments, since such a prolonged experiment may 

compromise the fitness of the cells. Consequently, to enhance the power of the FLIM 

HCA methodology for identifying PPIs, one should seek to maximize the S/N of the 

donor fluorescence signal, e.g. by judicious choice of fluorophores or careful matching 

of the instrument’s spectral properties to the donor fluorescence, in order to reduce the 

uncertainty in the measured donor lifetime. For example, these assays could be improved 

by employing bright donor FPs that emit in a spectral window with less overlap with the 

cellular autofluorescence (such as enhanced GFP [EGFP]). The potential lifetime change 

could also be increased through selecting a more suitable acceptor for the chosen donor. 

The FPs selected for yeast kinetochore imaging should ideally have optimised maturation 

rates for yeast cultures at 23 ˚C, and they should be linked to the KPs of interest with 

flexible linkers for more random fluorophore orientations. Alternatively, the SNAP-tag 
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methodology is an attractive option for labelling of endogenous KPs, as it is smaller in 

size than FPs and can be covalently tagged by small molecule dyes that can be both 

brighter and more photostable than FPs484. However, although an electroporation-based 

protocol has been published for transporting small molecule dyes into intact budding 

yeast cells485, after following the protocol I was not able to observe any specific binding 

of the dye SNAP-Cell 430 to the SNAP-tag endogenously labelling various KPs in either 

live or fixed cells. The cause of this remains to be explored.  

Overall, the work presented in this chapter has validated that the FLIM HCA 

methodology for identifying interactions between FP-labelled endogenous KP at the 

budding yeast kinetochore in live cells using FRET, despite the relatively low copy 

numbers of the KPs. To the best of my knowledge, this is the first demonstration of FLIM 

HCA of PPIs at the compact budding yeast kinetochore. This provides a high-resolution 

approach to study, not just the kinetochore structure, but also interactions between KPs 

and regulatory proteins for cell cycle progression in live budding yeast cells. This may 

provide a better understanding of the kinetochore functions in ensuring faithful 

chromosome segregation.  
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Chapter 5. Investigation of the role of Rdh54p in the 
adaptation to the spindle assembly checkpoint-
dependent cell cycle arrest 

Rdh54p is an ATP-dependent DNA translocase functioning in DNA damage repair. 

However, it has another less well-studied function in promoting the adaptation to cell 

cycle arrest in response to DNA damage, which has been shown to be dependent on the 

spindle assembly checkpoint (SAC). This chapter reports the experiments performed to 

investigate this intriguing function of Rdh54p, focusing on Rdh54p’s potential interacting 

partners at the kinetochore, which is the regulatory hub of the SAC and is also where 

Rdh54p constitutively localises. The first section provides an introduction to Rdh54p in 

terms of its known characteristics and functions. The second section presents the results 

of the synthetic physical interaction (SPI) assays performed to screen for the SPI partners 

of Rdh54p, first across the budding yeast proteome and then focusing on the kinetochore-

related proteins. The third section presents the results of the FLIM experiments, which 

were performed in search for Rdh54p’s interacting partners at the kinetochore following 

the procedures described in Chapter 3. The fourth section at the end summaries my 

current progress on this topic and discusses potential future work. 

5.1 Introduction 

The budding yeast protein Rdh54p is an ATP-dependent DNA translocase that belongs 

to the SWI2/SNF2 family of helicase-like chromatin-remodelling proteins486,487. Its 

structure contains the 7 helicase-like motifs conserved among most DNA helicases. This 

Swi2/Snf2 helicase domain is essential for Rdh54p’s DNA-dependent ATPase activity 

that provides the energy through ATP hydrolysis for the protein to translocate along 

double-stranded DNA (dsDNA) and to remodel chromatin and DNA-protein 

complexes488 (Figure 5-1). 
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Figure 5-1 Schematic of Rdh54p and its known domains 

The positions of the mutated amino acids in the ATPase-deficient mutant rdh54p-K318R and in 
the PIP-box mutant rdh54p-pip are indicated by the red triangles. 

Rdh54p was first identified as a homolog of Rad54p489–491 (hence the name Rad homolog 

54). Rad54p is also a member of the SWI2/SNF2 family and functions in homologous 

recombination (HR) for DNA damage repair. In the presence of a DNA double-strand 

break (DSB), Rad54p interacts Rad51p, a paralog of bacterial recombinase RecA that 

binds to 3’ single-stranded DNA (ssDNA) resulting from the processing of the primary 

lesion, and promotes the Rad51p-bound ssDNA’s invasion into the homologous dsDNA 

to form a displacement loop (D-loop) by unwinding the naked dsDNA and generating 

unconstrained negative and positive supercoils upon ATP hydrolysis492–494. It is also 

capable of displacing Rad51p from dsDNA, likely to facilitate DNA synthesis from the 

invaded ssDNA following the formation of the nascent D-loop494,495. Similarly, Rdh54p 

has been shown to physically interact with Dmc1p, a meiosis-specific RecA paralog, in 

an yeast two-hybrid assay496 (and therefore was also named as Two-hybrid interaction 

with Dmc1p, Tid1p), to function together with Rad51p and/or Dmc1p during HR493,497, 

to translocate along and supercoil DNA and reposition nucleosomes through its ATP-

dependent translocase and chromatin remodelling activities493,498–500, and to remove 

Rad51p and Dmc1p from dsDNA497,498,501. Moreover, both Rad54p and Rdh54p have a 

conserved PCNA-interacting protein box motif, which may facilitate their interactions 

with the PCNA (proliferating cell nuclear antigen) clamp that is involved in various 

cellular processes including DNA replication and repair502, but the exact functions of this 

motif in the two proteins are yet to be elucidated503,504. 
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Despite the aforementioned similarities, Rad54p and Rdh54p have distinct roles in HR as 

revealed by both in vitro and in vivo studies: (1) Rad54p is primarily involved in the 

intrahomolog recombination process through its interaction with Rad51p, whereas 

Rdh54p specialises in promoting interhomolog recombination through interactions with 

Rad51p in mitosis and interactions with both Rad51p and Dmc1p in meiosis490,491,505,506; 

(2) Rad54p preferentially removes Rad51p from DNA damage foci after D-loop 

formation for promoting the subsequent DNA synthesis, whereas Rdh54p preferentially 

removes Rad51p as well as Dmc1p from undamaged dsDNA to maintain a sufficient pool 

of free Rad51p/Dmc1p and prevent the toxic nonspecific binding of the recombinases to 

dsDNA497,501,507,508. The Rdh54p-mediated interhomolog recombination pathway is more 

active in meiosis prophase than the Rad54p-mediated intrahomolog pathway for repairing 

the meiosis-specific programmed DSBs and generating crossovers between homologous 

chromosomes. Rdh54p may facilitate this preference by regulating the cohesion between 

sister chromatids, presumably through its chromatin remodelling activity that remodels 

the mitotic cohesin protein Mcd1p at DNA DSB sites509,510 and/or through its interaction 

with Dmc1p510. It is also speculated that Rdh54p plays a role in D-loop stabilisation and 

extension during meiotic recombination511. Other reported recombination-related roles of 

Rdh54p include facilitating interchromosomal template switching512, regulating 

chromatin through its increased associations with chromatin-associated factors and its 

elevated distribution to centromeric and pericentromeric regions in the absence of two 

histone chaperones, Asf1p and Cac1p513, and stabilising bridge-induced translocated 

chromosomes514,515. Notably, Rdh54p’s ATPase activity appears to be vital for a proper 

response to DNA damage induced by methyl methanesulfonate (MMS), as both the 

rdh54∆ and the ATPase-deficient rdh54-K318R mutants are more sensitive to MMS, 

while its N-terminal Rad51p-interacting domain (Figure 5-1) is dispensable in this regard 

but is required for the D-loop formation and the removal of excess Rad51p from 

dsDNA498,516. This suggests that the Rdh54p-mediated response to MMS-induced DNA 

damage is different from its canonical roles in HR. 

Interestingly, Rdh54p is indeed required for the adaptation to prolonged G2/M arrest 

induced by the DNA damage checkpoint (DDC; for a review, see Section 1.1.2). It has 

been shown that a rdh54∆ mutant is permanently arrested (for >24 hours) prior to 

anaphase in the presence of an DNA DSB induced by the site-specific HO 



 174 

endonuclease133, in contrast to wild-type cells that normally adapt to this checkpoint-

mediated arrest and resume the cell cycle within 8-12 hours126,128,133. The Rdh54p protein 

is also needed for the division of cells devoid of Cdc13p-mediated chromosome 

capping517. The permanent arrest phenotype can be rescued by mutating Rfa1p, a subunit 

of the RPA complex, but not by the deletion of some other recombination factors (e.g. 

Yku70p, Rad52p, Rad51p, and Rad54p) or the overexpression of the Rdh54p’s homolog 

Rad54p133. The ATPase activity of Rdh54p is essential for adapting the arrest, as 

expressing rdh54p-K318R does not rescue the adaptation phenotype seen in rdh54∆133. 

Phosphorylation of Rdh54p by Mec1p has been shown to occur in the presence of 

damaged DNA, and its dephosphorylation (as well as the inactivation of Rad53p) also 

requires Rdh54p’s ATPase activity, the lack of which leads to Rad53p-dependent Rdh54p 

hyper-phosphorylation518.  

Remarkably, deleting Mad2p, a component of the SAC, partly suppresses the DNA 

damage-induced permanent arrest in rdh54∆. Considering that Rdh54p is constitutively 

localised to the kinetochore70, a regulatory hub for the SAC (see Section 1.1.3), it is 

possible that Rdh54p plays some role in SAC control. Rdh54 is also recruited to DNA 

repair sites when DNA damage occurs70, and since the SAC has been shown to be 

activated in response to prolonged DNA damage (see Section 1.1.4), it seems possible 

that Rdh54p is the component that connects the DDC and the SAC signals. It would 

therefore be interesting to identify the interacting partners of Rdh54p in the yeast 

proteome and particularly at the kinetochore, so as to help elucidate the molecular 

mechanism of how Rdh54p achieves its functions in checkpoint adaptation. Although a 

functional human homolog of Rdh54p is yet to be identified519–521, a better understanding 

of the checkpoint adaptation process could still contribution to our knowledge of 

tumorigenesis, during which checkpoint signals are often impaired142. 

5.2 SPI screens for Rdh54p’s interacting partners 

To search for the potential interacting partners of Rdh54p that may contribute to 

Rdh54p’s role in checkpoint adaptation, I employed the Synthetic Physical Interaction 

(SPI) assay described in Section 2.5. I hoped that the SPI assays, which should identify 
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proteins that lead to growth defect phenotypes when artificially associated with Rdh54p 

or Rdh54p’s mutants, could highlight a few proteins or protein complexes that would be 

worth following up with further experiments. Based on previous SPI studies, it has been 

shown that SPIs are often found between a target protein and a query protein that normally 

function together but require timely regulation for their interaction, and among query 

proteins that share common functions428,522,523.  

5.2.1 Proteome-wide screens identified Rdh54p SPIs related to the DNA 
damage response and the kinetochore 

I initially undertook two proteome-wide screens for Rdh54p’s potential interacting 

partners, one in haploid cells and the other in diploid cells. Procedures for these screens 

are described in detail in Section 2.5. Briefly, for each screen, three plasmids based on 

pWJ1512424 were transformed into the universal donor strain (UDS) W8161-2B424: one 

“fusion” plasmid, expressing Rdh54p fused to a GBP and an RFP, and two “control” 

plasmids, expressing either Rdh54p alone without GBP or the GBP-RFP construct 

without Rdh54p (Figure 5-2a). Each transformed UDS was then mated respectively with 

the ~4300 strains in a budding yeast GFP collection425 on rectangular agar plates in a 

high-throughput manner using a pinning robot, resulting in 12 plates of mated strains, 

with 384 strains on each plate and 4 replicates of colonies for each strain. The resulting 

diploid strains were either brought back to haploids through Selected Ploidy Ablation 

(SPA)424 for the haploid screen (Figure 5-2b), or directly analysed for the diploid screen 

results following two more steps of replica plating onto -His -Leu selection plates using 

the pinning robot (Figure 5-2c). The growth of colonies was quantitative assessed by 

scanning the plates, then using the ScreenMill software436 to analyse colony sizes, which 

allowed me to calculate log growth ratios (LGRs, the natural logarithm of the ratio of 

control divided by experimental colony size). For the proteome-wide screens, the LGRs 

were converted to z-scores by fitting the data to a normal distribution. Some haploid 

strains resulting from SPA were examined using fluorescence microscopy to confirm the 

colocalisation of the GBP-RFP-tagged Rdh54p and the GFP-tagged query protein, an 

example of which is shown in Figure 5-2d (where Rdh54p colocalised with Dad3p, a 

component of the microtubule-binding DAM1 complex). 
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Figure 5-2 Proteome-wide screens for SPIs of Rdh54p 

(a) Schematic of the forced association of Rdh54p to a GFP-tagged query protein by the GBP and 
the associations of the construsts expressed from the two controls to the query protein. (b) 
Exemplar image of a plate showing the haploid screen results for Rdh54p SPIs, with four colonies 
of each GFP strain containing a plasmid expressing Rdh54p-GBP-RFP arrayed in a 2x2 format 
on the agar plate. The colony sizes of the GFP strains on this plate were compared with those of 
the same GFP strains on the two control plates, and the ones with high z-scores are highlighted 
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with red bars and the corresponding z-scores. (c) Exemplar image of a plate showing the diploid 
screen results for Rdh54p SPIs. (d) Images taken by a fluorescence microscope, showing the 
colocalisation of Rdh54p-GBP-RFP with a GFP-tagged kinetochore protein Dad3p. 

 

Figure 5-3 Correlations in the results of the proteome-wide screens for Rdh54p 
SPIs in haploid and diploid strains 

(a) Correlation between the z-scores for the haploid screen calculated respectively with the two 
controls. (b) Correlation between the z-scores for the diploid screen calculated respectively with 
the two controls. (c) Correlation between the average z-scores and the average LGRs for the 
haploid screen. 

I compared Rdh54p-GBP separately with both of the controls to obtain two related sets 

of z-score data (Rdh54p-GBP vs. Rdh54p and Rdh54p-GBP vs. GBP). I then calculated 
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the average z-score of these two, as a measure of how the forced association of the two 

proteins affects the cell growth. The use of average z-scores was justified by the 

observation that elevated z-scores obtained from the two controls were highly correlated 

for both the haploid and the diploid screens, as shown in Figure 5-3a and Figure 5-3b. Z-

scores and LGRs also correlated well as shown in Figure 5-3c. Note that a z-score or LGR 

value of ~0 corresponds to a strain that grew similarly on the experimental plate and the 

control plates. In contrast, positive z-scores or LGRs indicate forced associations that 

caused slow growth. 

 

Figure 5-4 Results of the initial proteome-wide screens for Rdh54p SPIs in haploid 
and diploid strains 

(a) Results for the haploid screen plotted with descending z-scores. (b) Results for the diploid 
screen with descending z-scores. The diploid Rdh54p SPIs (with z-scores higher than 2) were 
shown in the inset with the gene names anotated. 

Figure 5-4a plots the z-scores for the haploid screen in descending order from left to right. 

I decided to set a threshold for the z-score at z=2; the strains whose z-scores are above 

this threshold were subsequently regarded as showing SPI-induced growth defects. For 

the haploid screen, 61 SPIs were identified for Rdh54p. For the diploid screen, which was 

performed in case the GBP-tagged Rdh54p expressed in a haploid strain could lead to the 

mislocalisation of an essential GFP-tagged protein and consequently a false position 

result, I expected that some of the SPIs seen in the haploid screen would be suppressed 

in the heterozygous diploid strains that contain an untagged version of the GFP-tagged 

protein. Indeed, only 6 of the 61 haploid SPIs appeared in the diploid results, besides 9 
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newly identified diploid SPIs. The results for the diploid screen are shown in Figure 5-4b, 

with the SPIs highlighted in the inset. Notably, among the 6 SPIs common for both 

screens, apart from the centromeric histone Cse4p that frequently appears as a SPI 

regardless of what the target protein is522, 3 of them (Nkp2p, Ame1p, Okp1p) belong to 

the large CTF19 complex at the kinetochore, and the other 2 (Rfa1p, Rfa2p) are units of 

the trimeric RPA complex. This is interesting, considering that Rdh54p has been shown 

to constitutively localise at the kinetochore70 and that both RPA and Rdh54p are involved 

in DNA damage repair and checkpoint function128,133.  
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Figure 5-5 Results from the 16-replicate retest for haploid Rdh54p SPIs 

(a) Exemplar image of a plate showing the results of the haploid 16-replicate retest for Rdh54p 
SPIs, with 16 colonies of each strain containing a plasmid expressing Rdh54p-GBP-RFP arrayed 
in a 4x4 format on the agar plate. (b) Correlation between the average z-scores from the intial 
haploid screen and the average LGRs from the retest. (c) Venn diagram showing that among all 
the 61 haploid Rdh54p SPIs identified in the initial screen, 46 of them were validated by the retest 
whilst 15 were not. The retest also identified 5 new Rdh54p SPIs. 

Table 5-1 Genes related to the Rdh54p haploid SPIs from the 16-replicate retest 

 Genes (ranked based on their z-scores in descending order， with 
“non-frequent flyers” marked in red) 
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Validated haploid SPIs SPC29, CSE4, DDC2, SEC24, BBP1, AME1, MTR10, NOP9, SEC10, 
MEX67, YRA2, DOA4, FRQ1, NUP192, BRL1, KAP120, SPC42, NOP8, 
OKP1, RFA1, RFA2, ACL4, KIP3, NKP2, RTT105, CSE1, LEU3, TSR2, 
CDC12, SLY1, RPA49, BDF1, PRP5, TPD3, RFA3, KRI1, MTR2, DID4, 
VPS4, UBP3, VPS28, NEO1, SPC24, BUD23, ENP1, ARC35 

Newly-identified SPIs 
from the retest 

MOB2, STS1, SPT15, DAD1, CEP3 

 

Although 55 out of the 61 SPIs for the haploid screen above were absent in the diploid 

screen, at least 62% (34/55) of them could still be interesting, since they are not “frequent 

flyers” seen in many other SPI screens522 but are specific to Rdh54p. This suggests that 

these interactions, although suppressed in diploid cells, are unlikely to be caused by 

mislocalisation of the query proteins and could have functional significance. I therefore 

decided to retest the haploid SPIs with more colonies for each strain (16 replicates per 

strain) for validation (Figure 5-5a). I also included a few additional GFP strains, which 

had been identified as being sensitive to association with mutant versions of Rdh54p (see 

Section 5.2.2). Figure 5-5b and Figure 5-5c illustrate the comparisons between the results 

from the initial haploid screen and the retest. For the retest, I used the LGR to report cell 

growth as the z-score was inapplicable in this case where the distribution of LGRs was 

not normal. I set the threshold for the LGR at 0.5 (Figure 5-5a), which corresponds to a 

z-score of 2 (Figure 5-4c) and represents a control colony that is 110% larger than the 

experimental colony. Among the 61 SPIs identified in the initial screen, 46 of them were 

validated in the retest (including the 6 SPIs common to the initial haploid and diploid 

screens), while there were also 5 new SPIs that were not identified in the original screen 

(false negatives). In general, the “16-replicate” retest indicates the degree of robustness 

of the SPI methodology. A list of the 51 Rdh54p haploid SPI genes found in the retest is 

provided in Table 5-1, including the 46 genes validated for the initial haploid screen and 

the 5 additional genes identified in the 16-replicate retest. The genes are ranked by their 

corresponding LGRs from the retest (from high to low). Note that, as shown in previous 

SPI studies522, certain proteins are particularly sensitive to being associated with other 

proteins, some of which were found in the Rdh54p SPIs; I term these “frequent flyers”, 

and have marked the “non-frequent flyers” in Table 1-1 in red.  
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Table 5-2 Gene Ontology analysis for the “non-frequent flyer” SPI genes identified 
by the 16-replicate retest 

Process Gene name 

Nuclear transport 
(p = 7.15 x 10-4) 

NOP9, BUD23, MTR2, YRA2, NUP192, ENP1 

Function Gene name 

Damaged DNA binding 
(p = 9.62 x 10-4) 

RFA1, RFA2, DDC2 

Component Gene name 

Condensed chromosome 
kinetochore 
(p = 8.48 x 10-4) 

NKP2, OKP1, AME1, DAD1 

DNA replication factor A 
complex 
(p = 3.18 x 10-4) 

RFA1, RFA2 
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Figure 5-6 Functional similarities of the “non-frequent flyer” genes of the Rdh54p 
haploid SPIs as revealed by TheCellMap.org 

These genes were found to be enriched for several biological processes/functions, including 
“DNA replication and repair” and “mitosis”. 

To examine whether the Rdh54p SPIs share similar functions, I performed a gene 

ontology (GO) analysis on the “non-frequent flyer” genes listed in Table 5-1 using 

GOrilla (http://cbl-gorilla.cs.technion.ac.il)524. The GO analysis indeed revealed several 

highly enriched biological processes, molecular functions, and cellular components 

within the SPI genes, which include the genes related to Rdh54p’s known function in the 

DNA damage response (RFA1, RFA2, DDC2) and the genes of some kinetochore 

components (NKP2, OKP1, AME1, DAD1). The functional similarities of the SPI genes 
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were further confirmed with TheCellMap.org, an online database containing genetic 

interaction data obtained with genome-scale synthetic genetic array (SGA) assays525,526, 

as the SPIs genes are shown to be enriched for genetic interactions for several biological 

processes, including “DNA replication and repair” and “mitosis” (Figure 5-6). 

5.2.2 Rdh54p SPIs related to the CTF19 complex at the kinetochore were 
suppressed in the proteome-wide rdh54p-pip SPI screens but not in 
the ones for rdh54p-K318R SPIs 

Besides the wild-type Rdh54p, I also conducted SPI screens for two mutants of Rdh54p: 

rdh54p-pip, which contains two amino acid changes in Rdh54p’s PIP-box motif 

(F477A,F478A), and rdh54p-K318R, which is deficient in the ATPase activity owing to 

the mutation in the Walker A motif. The screens were performed in haploid cells, with 

only the plasmid expressing GBP used as the control. The strongest hits from the initial 

proteome-wide screens were validated with 16-replicate retests. The results for the PIP-

box mutant rdh54p-pip and the ATPase mutant rdh54p-K318R are shown in Figure 5-7 

and Figure 5-8, respectively. 



 185 

 

Figure 5-7 Results of the initial proteome-wide screen and the 16-replicate retest 
for haploid rdh54p-pip SPIs 

(a) Results for the haploid screen plotted with descending z-scores. (b) Correlation between the 
z-scores from the initial screen and the LGRs from the retest. (c) Comparisons between the results 
of the haploid retest for Rdh54p SPIs and the results of the haploid retest for rdh54p-pip SPIs. 
Strains that exhibited notable differences between the two screens are annotated. 

Table 5-3 Genes related to the haploid rdh54p-pip SPIs from the 16-replicate retest 

 Genes (ranked based on their z-scores in descending order， with 
“non-frequent flyers” marked in red) 

Validated haploid SPIs DDC2, SEC10, STS1, SEC24, CSE4, BRL1, YRA2, MOB2, KIP3, RFA1, 
BBP1, RFA2, SPC42, DOA4, DAD1, LEU3, MTR10, MET30, KAP120, 
SPC29, INO4, BDF1, SPT15, VPS4, TAF10, RTT105, FRQ1, CDC12, 
NOP9, CBK1, ENP1, ACL1, TPD3, TSR2, ARC35, PRP5, APL4, UBP3, 
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CEP3, DID4, TOP3, CSE1, OKP1, RFA3, KRI1, CDC40, KIN28, 
NUP192, SGS1 

Newly-identified SPIs 
from the retest 

VPS28, NEO1, SLY1, MEX67, SIN4, MTR2, NOP8, ARC18, RMD1, 
RPA49, SNF7 

 

 

Figure 5-8 Results of the initial screen and the 16-replicate retest for haploid 
rdh54p-K318R SPIs 

(a) Results for the haploid screen plotted with descending z-scores. (b) Correlation between the 
z-scores from the initial screen and the LGRs from the retest. (c) Comparisons between the results 
of the haploid retest for Rdh54p SPIs and the results of the haploid retest for rdh54p-K318R SPIs. 
Strains that exhibited notable differences between the two screens are annotated. 
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Table 5-4 Genes related to the haploid rdh54p-K318R SPIs from the 16-replicate 
retest 

 Genes (ranked based on their z-scores in descending order， with 
“non-frequent flyers” marked in red) 

Validated haploid SPIs CSE4, RFA2, SEC10, SEC24, AME1, DDC2, BRL1, STS1, YRA2, BBP1, 
OKP1, MTR10, SPC29, NOP9, CBK1, MOB2, RFA1, FRQ1, DOA4, 
UBP3, LEU3, ACL4, BDF1, BUD23, MET30, NUP192, CDC12, VPS4, 
CDC40, CEP3 

Newly-identified SPIs 
from the retest 

KIP3, RTT105, MEX67, SPC42, KAP120, NKP2, DAD1, TPD3, CSE1, 
TSR2, ARC35, NOP8, VPS28, SPC24, MTR2, TAF10, RMD1, RFA3, 
SLY1, SPT15, KRI1, YTM1, ENP1, PRP5, RPA49, VMA3, APL4, NEO1, 
DID4, SNF7, ABF1, SIN4, RCL1 

 

For rdh54p-pip, 92 SPIs were identified in the initial screen, ~57% (52/92) of which were 

selected for the retest. In the retest, ~94% (49/52) of the selected SPIs were confirmed 

and 11 more SPIs were identified (Table 5-3). To examine if there was any difference 

between the SPIs for the wild-type Rdh54p and those for the mutant rdh54p-pip, I 

compared the results for the two proteins from the 16-replicate retests. As illustrated in 

Figure 5-7c, while many SPIs were common for both proteins, there were also some 

interesting discrepancies. Of particular interest are the kinetochore-related SPIs: the 

LGRs for most of them (Nkp2p, Okp1p, Ame1p, and Spc24p) were supressed by the 

presence of the PIP-box mutation. In contrast, the rdh54p-pip SPI with Dad1p appeared 

stronger than for that with wild-type Rdh54p. Two other SPIs, Sgs1p and Top3p, which 

are two of the three components of the Sgs1p-Top3p-Rmi3p complex (a strain with 

Rmi1p-GFP was not in the GFP library used for the SPI assays reported here) that is 

involved in DNA damage repair527, were also specific for rdh54p-pip but not for wild-

type Rdh54p. These differences show that the PIP-box motif of Rdh54p is important for 

its SPI phenotype with the kinetochore and the DNA damage site.  

For the ATPase-deficient mutant rdh54p-K318R, however, no such differences were seen. 

38 SPIs were initially discovered for rdh54p-K318R, while the retest validated ~97% 

(31/32) of the selected initial SPIs and identified 35 new SPIs (Table 5-4). As shown in 

Figure 5-8c, the 4 kinetochore-related SPIs (Nkp2p, Okp1p, Ame1p and Spc24p) for 

Rdh54p remained as SPIs for rdh54p-K318R, whereas both Sgs1p and Top3p were still 

not SPIs. Overall, the SPI results from the two Rdh54p mutants indicate that only the 
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rdh54-PIP mutation appears to change the SPI phenotypes, specifically suppressing SPIs 

with the kinetochore and enhancing SPIs with the Sgs1p-Top3p-Rmi3p complex. 

5.2.3 Results from the screens focusing on kinetochore-related query 
proteins were highly consistent with those from the proteome-wide 
screens under normal growth condition 

As the proteome-wide screens for Rdh54p SPIs had identified several hits at the 

kinetochore and some of these hits were affected by the PIP-box mutant rdh54p-pip but 

not the ATPase-deficient mutant rdh54p-K318R, I wished to more closely examine the 

effects for forced associations of Rdh54p or rdh54p-pip with just kinetochore proteins 

(KPs) and some other proteins related to the kinetochore, not just under the normal growth 

condition (see this section) but also upon drug treatments that induce microtubule 

instability and DNA damage (see Section 5.2.4). For this purpose, I selected a subset of 

the GFP-tagged strains from the GFP library used for the proteome-wide screens and 

arrayed them onto one rectangular agar plate together with a non-GFP control strain in 

the 1536-array format with 16 replicate colonies for each strain using the ROTOR robot. 

Table 5-5 summaries the GFP strains used for the kinetochore screens, with the gene 

names of the GFP-tagged proteins grouped by the subcomplexes and/or functional 

categories to which they belong.  

Table 5-5 GFP strains used for the kinetochore screens (denoted by the gene 
names) 

Subcomplex/Category Gene name 

Centromeric histones CSE4, HTA1, HTA2, HTB1, HTB2, HHT1, HHT2, HHF1 

CBF3 NDC10, CEP3, SKP1 

COMA CTF19, OKP1, MCM21, AME1 

CTF19 (excluding COMA) NKP2, CTF3, MCM16, MCM22, CHL4, IML3, CNN1 

Other inner kinetochore proteins CBF1, MIF2, YBP2 

MIND MTW1, NNF1, NSL1, DSN1 

SPC105 SPC105, KRE28 

NDC80 NDC80, NUF2, SPC24, SPC25 

DAM1 DAM1, ASK1, DAD1, DAD2, DAD3, DAD4, SPC19, SPC34 
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Spindle pole body SPC42, SPC97, SPC98, TUB4 

Nuclear pore complex (NPC) NUP53, NUP59, NUP157, NUP170 

MT-associated proteins (MAPs) and 
related proteins 

STU1, STU2, BIK1, BIM1, KAR9 

Motors and related proteins KIP1, KIP2, KIP3, CIN8, DYN1, DYN2, KAR3, SLK19, PAC1 

CPC IPL1, BIR1, SLI15 

SAC MPS1, MAD1, MAD2, MAD3, BUB1, BUB3, CDC20 

Other regulators CDC5, KIC1, GLC7, TPD3, PPH21, PPH22, CDC14, SGO1, 
SGT1, BFA1, MOB1, LRS4, CSM1, ULP2 

 

I first performed SPI screens for both Rdh54p and rdh54p-pip in haploid cells under 

normal growth conditions. Both screens were then repeated for validation. Similar to the 

proteome-wide screens, two types of control plasmids were used for the Rdh54p screens 

(expressing GBP-RFP or Rdh54p alone) while only one type was used for the rdh54p-pip 

screens (expressing GBP-RFP). LGRs were used to quantify colony growth, and the 

threshold was set to LGR=0.5 as before. 
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Figure 5-9 Results of the initial kinetochore screen and the retest for haploid 
Rdh54p SPIs 

(a) Correlation between the LGRs for the initial screen calculated respectively with the two 
controls. (b) Correlation between the average LGRs from the initial screen and the average LGRs 
from the retest. (c) The LGRs averaged from the initial screen and the retest plotted in descending 
order. Strains with notable LGRs are annotated. 

For the initial Rdh54p kinetochore screen, the two sets of LGRs determined using the two 

controls were well correlated (Figure 5-9a), similar to the proteome-wide screen results 

(Figure 5-3a). Hence, the average LGR was used as before to report the growth of each 

strain. A good correlation was also seen between the results from the initial screen and 

the retest (Figure 5-9b), and therefore, for each strain, the two LGRs averaged for the two 

controls from the two screens were further averaged to combine the results from the two 
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screens. Figure 5-9c illustrates these average LGRs from the two screens in descending 

order. All the kinetochore-related Rdh54p SPIs discovered in the proteome-wide screens 

(namely Ame1p, Cse4p, Spc42p, Okp1p, Kip3p, Tpd3p, Nkp2p, Spc24p, Dad1p and 

Cep3p) were again found as SPIs; in fact, of all the SPIs identified in this kinetochore-

specific screen, only Dad3p was not a haploid SPI in the previous proteome-wide screen, 

yet it was found as a SPI in the diploid proteome-wide screen (Figure 5-4b). This high 

level of consistency among the results from different screens further demonstrates the 

robustness of the SPI methodology. In addition, a few other strains exhibited LGRs close 

to the threshold, which interestingly were all inner kinetochore-related ones (Ctf19p, 

Mcm21p, Ndc10p, Sgt1p, and Mif2p). Cdc14p also showed a slightly elevated LGR 

compared with the majority of strains, although the LGR was well below the threshold.  

 

Figure 5-10 Results of the initial kinetochore screen and the retest for haploid 
rdh54p-pip SPIs 

(a) Correlation between the LGRs from the initial screen and the LGRs from the retest. (b) 
Comparison between the average LGRs from the kinetochore screens for Rdh54p SPIs and the 
average LRGs from the kinetochore screens for rdh54p-pip SPIs. 

For the rdh54p-pip kinetochore-specific screen and the retest, the two resulting sets of 

elevated LGRs again exhibited a good correlation (Figure 5-10a). The average LGR for 

each strain was then taken and compared with the corresponding average LGR from the 

Rdh54p screens, to see how the mutations in the PIP-box motif affected the SPI results. 
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The result of this comparison, as shown in Figure 5-10b, agrees with the one for the 

proteome-wide screen results shown in Figure 5-7c: while some GFP-tagged strains 

exhibited similarly high LGRs that were above or close to the threshold (Dad3p, Cse4p, 

Spc42p, Dad1p, Kip3p, Ndc10p, and to a lesser extent Cep3p and Tpd3p) in both the 

Rdh54p screens and the rdh54p-pip screen, some other strains were much more sensitive 

to Rdh54p than to rdh54p-pip. Consistent with the previous results, the latter strains 

included the ones from the COMA or the large CTF19 complexes (Ctf19p, Okp1p, 

Mcm21p, Ame1p, and Nkp2p) and the NDC80 complex member Spc24p (which was 

initially thought to be a frequent flyer in the proteome-wide screens for Rdh54p SPIs but 

was later found to be insensitive to the forced association with rdh54p-pip). 

5.2.4 Additional SPIs were identified for Rdh54p and rdh54p-pip in the 
kinetochore screens in the presence of checkpoint-inducing drugs 

The previous section showed that under normal growth conditions a number of 

kinetochore-related proteins when forced to associate with Rdh54p caused defects in cell 

growth, some of which were dependent on Rdh54p’s PIP-box motif. It is possible that 

some of these associations could occur naturally at certain stages of a cell cycle to 

facilitate Rdh54p’s functions, e.g. to promote the adaptation to the SAC-dependent DDC 

after a prolonged cell cycle arrest133,138, and only cause growth defects when forced in an 

untimely manner. Therefore, I speculated that, in the presence of an activated checkpoint, 

some forced associations might make the cells grow differently than others. To test this 

notion, I used the GFP strains in Table 5-5 and performed screens for Rdh54p SPIs and 

rdh54p-pip SPIs with the strains grown on agar plates with the addition of benomyl (15 

µg/ml) or MMS (0.02%). Benomyl is a microtubule depolymerising drug, which disrupts 

the kinetochore-microtubule attachments and therefore triggers the SAC, whereas MMS 

introduces DNA damage that leads to the activation of the DDC. 
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Figure 5-11 Results of the Rdh54p and rdh54p-pip SPI screens with benomyl 

(a) Comparison between the average LGRs from the kinetochore screens for Rdh54p SPIs with 
no added drug and the average LGRs from the kinetochore screens for Rdh54p SPIs with 
benomyl. (b) Comparison between the average LGRs from the kinetochore screens for Rdh54p 
SPIs with benomyl and the average LGRs from the kinetochore screens for rdh54p-pip SPIs with 
benomyl. 

Figure 5-11a compares the results of Rdh54p SPI screens with and without the addition 

of benomyl. In the screens with benomyl, the LGRs for Tpd3p, Spc24p and Cep3p 

dropped below the threshold, while a NPC component Nup59p and a histone H3 protein 

Hht1p exhibited higher LGRs (Figure 5-11a). When comparing the screen results for 

Rdh54p SPIs and rdh54p-pip SPIs in the presence of benomyl, I found that besides 

Nup59p two more NPC components (Nup157p and Nup170p) became SPIs for rdh54p-

pip in the presence of benomyl (Figure 5-11b). For the KPs, on the other hand, the 

addition of benomyl had little effect on the SPI phenotypes: as seen with no drug addition, 

several components of the CTF19 complex (Nkp2p, Okp1p, Ame1p) became insensitive 

to the forced association with Rdh54p when the latter’s PIP-box motif was mutated 

(Figure 5-11b). A similar change in sensitivity was also seen for the histone Hht1p. 
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Figure 5-12 Results of the Rdh54p and rdh54p-pip SPI screens with MMS 

(a) Comparison between the average LGRs from the kinetochore screens for Rdh54p SPIs with 
no added drug and the average LGRs from the kinetochore screens for Rdh54p SPIs with MMS. 
(b) Comparison between the average LGRs from the kinetochore screens for Rdh54p SPIs with 
MMS and the average LGRs from the kinetochore screens for rdh54p-pip SPIs with MMS. 

In the presence of MMS, in addition to the SPIs identified under unperturbed growth 

condition, many more hits were found for both Rdh54p (Figure 5-12A) and rdh54p-pip 

(Figure 5-12B). These included two mitotic exit-related proteins (Cdc14p and Slk19p), 

an outer kinetochore protein (Ask1p), and three inner kinetochore proteins (Cbf2p, 

Ndc10p, and Sgt1p). Curiously, many MAPs and motor proteins (Dyn2p, Stu2p, Bim1p, 

and Bik1p) were also found to be SPIs for both Rdh54p and rdh54p-pip in these screens, 

in addition to Kip3p that appeared as hits for all other screens. It is worth noting that in 

MMS the Rdh54p SPIs belonging to the CTF19 complex (Ctf19p, Okp1p, Ame1p, and 

Nkp2p) were again suppressed with the rdh54p-pip mutant, and similar behaviours were 

seen for Spc25p, Bik1p, and Tpd3p. 

5.2.5 Summary and discussion 

In this section, I reported the results of various screens for the SPIs of the wild-type 

Rdh54p and two of its mutants, rdh54p-pip and rdh54p-K318R. 
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In the search of the SPIs of Rdh54p and its mutants across the yeast proteome, I found 

that several hits related to the early stage of the DNA damage response. All the three 

subunits of the RPA complex (Rfa1p, Rfa2p, Rfa3p) were identified as Rdh54p SPIs 

(although Rfa3p is a “frequent flyer” in other SPI screens as well), together with Ddc2p. 

The RPA complex plays a critical role in the DNA damage response by promoting DNA 

end resection, binding to the ssDNA generated from the resection, and subsequently 

promoting the recruitments of various proteins required for DNA damage repair and DDC 

signalling82. These proteins include Ddc2p, which is the interacting partner of Mec1p that 

initiates the DDC at ssDNA70,528. Both the RPA subunits and Ddc2p also appeared as 

SPIs for the two mutants of Rdh54p. In contrast, Sgs1p and Top3p, the subunits of the 

STR complex (Sgs1p-Top3p-Rmi1p; a strain with Rmi1p-GFP was not in the GFP library 

used for the SPI screens) that works together with RPA in both DNA end resection and 

DNA decatenation80,527, were only found as SPIs for the PIP-box mutant rdh54p-pip. It is 

intriguing that the forced associations of Rdh54p or mutants to these proteins functioning 

at the early stage of the DNA damage response can cause growth defects, even in the 

absence of DNA damage-inducing drugs. It would be informative to monitor the cell 

cycle progression of single cells using live cell microscopy to examine if inducing such 

forced associations lead to premature DDC silencing in the presence of DNA damage, as 

a positive result would imply that Rdh54p promotes the DDC adaptation by disrupting 

the upstream checkpoint signals. It would also be worth further dissecting the functional 

differences between the PIP-box mutant rdh54p-pip and the ATPase mutant rdh54p-

K318R. Two studies on the PIP-box motif of the Rdh54p homolog Rad54p suggest that 

the functional defects caused by mutating residues in this motif are more related to the 

abolishment of the protein’s ATPase activity than its reduced interaction with the PCNA 

clamp503,504. However, my finding that Sgs1p and Top3p were SPIs for rdh54p-pip but 

not for rdh54p-K318R (as well as the differential reactions of several KPs to the mutants; 

discussed below) suggests that the two mutants have distinct functions. It might be that 

both activities of Rdh54p are required for it to function together with the PCNA, with the 

PIP-box enabling the Rdh54p-PCNA interaction and the ATPase activity facilitating 

Rdh54p’s canonical functions as a translocase and a chromatin remodeller. In fact, the 

budding yeast PCNA Pol30p was almost a SPI for Rdh54p with a z-score of 1.97 in the 

initial proteome-wide screen, while the z-scores for the two mutants were only ~1. 
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The proteome-wide screens also identified Rdh54p SPIs enriched at the kinetochore, 

which were further examined with screens focusing on the kinetochore-related proteins. 

The results from the proteome-wide screens and from the kinetochore screens were highly 

consistent and included proteins belonging to various subcomplexes/categories: 

• centromeric histone: Cse4p*; 

• CBF3: Cep3p*; 

• CTF19: Okp1p, Ame1p, Nkp2p; 

• NDC80: Spc24p*; 

• DAM1: Dad1p, Dad3p; 

• spindle pole body: Spc42p*; 

• motor: Kip3p 

• PP2A phosphatase: Tpd3p 

Note that the proteins marked by asterisks are “frequent flyers” in other SPI screens, and 

therefore may not bear meaningful information specific to Rdh54p’s function. The 

enrichment of the “non-frequent flyers” in the CTF19 complex is particularly interesting: 

two other CTF19 components, Ctf19p and Mcm21p, also exhibited LGRs close to the 

threshold in the kinetochore screens for Rdh54p SPIs, and all these five proteins (Okp1p, 

Ame1p, Nkp2p, Ctf19p, Mcm21p) exhibited considerably lower LGRs in the screens for 

rdh54p-pip SPIs. Similar trends were also seen for Spc24p and Tpd3p. The differential 

reactions of these proteins to the forced associations with Rdh54p/rdh54p-K318R and 

rdh54p-pip again highlight the functional importance of Rdh54p’s PIP-box motif. These 

data demonstrate a strong dominant growth effect of constitutive Rdh54p association with 

the CTF19 complex, dependent upon the PIP box; however, this does not explain Rdh54’s 

normal function at the kinetochore. Previous SPI screens show that proteins often show 

SPIs when constitutively associated with their normal interacting proteins. Thus, one 

possibility is that Rdh54p constitutively localises at the kinetochore by interacting with 

some CTF19 components, and its action there depends upon the PIP box, perhaps via 

interacting with RPA. It may be more likely that the forced association of Rdh54p with 

the CTF19 components may affect its function in promoting the adaptation to the SAC-

dependent DDC. If time allowed, I would be interested to test if the SPIs are dependent 

upon the SAC. 
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I also performed kinetochore screens for Rdh54p or rdh54p-pip SPIs with the addition of 

benomyl or MMS to the agar plates for triggering the SAC or the DDC, respectively. 

For the screens with benomyl, I noted that several components of the NPC behaved 

differently compared with the results of the screens performed under normal growth 

condition: Nup59p became a SPI for both Rdh54p and rdh54p-pip, with the SPI 

phenotype for rdh54p-pip being much stronger, whereas Nup157p and Nup170p were 

rdh54p-pip-specific SPIs. The NPCs are evolutionarily conserved large protein 

complexes embedded in the nuclear envelope that act as channels for nucleocytoplasmic 

exchange of macromolecules and also have important roles in spindle assembly, 

kinetochore function, and the SAC (reviewed in Ref.529). Interestingly, the three NPC 

components identified as rdh54p-pip SPIs (together with the Nup59p paralog Nup53p as 

well as two other NPC components Mlp1p and Mlp2p) have been found to be associated 

with the SAC components Mad1p and Mad2p200,201 in budding yeast, and this association 

is conserved across distinct organisms530. The NPCs seem to be docking sites for Mad1p 

and Mad2p, only releasing them for their relocalisation to unattached kinetochore(s) 

when the SAC is activated and relying the cycling of Mad1p between the NPCs and the 

kinetochores for regulating nuclear transport in the presence of the SAC531,532. It needs to 

be investigated further why Rdh54p, which has a putative role in promoting SAC 

adaptation, causes a growth defect when forced to the NPC. More experiments are also 

needed to examine whether rdh54p-pip retains Rdh54p’s function in checkpoint 

adaptation and to explain why the three NPC components are more sensitive to rdh54p-

pip association. 

For the screens with MMS, many proteins exhibited increased sensitivity to the 

associations with both Rdh54p and rdh54p-pip (Figure 5-12). This increased number of 

kinetochore-related SPIs induced by MMS might be a result of the linkage between the 

DDC and the SAC (see Section 1.1.4), but it is unclear whether this phenotype indeed 

bears meaningful information about Rdh54p’s putative role in the DDC or it merely 

reflects the cell’s increased sensitivity to forced associations in general in the presence of 

DNA damage. The former possibility may be supported since Cep3p, a CBF3 component 

whose phosphorylation by the DDC kinase Mec1p promotes a Mad2p-dependent 

checkpoint arrest194, exhibited much higher z-scores in the screens with MMS than under 
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normal growth condition. To my surprise, quite a few MAPs and motors were found as 

Rdh54p or rdh54p-pip SPIs when MMS was added, but they were largely unaffected by 

the addition of benomyl that should more directly disrupt microtubules. This might be 

explained by that the kinetochore-microtubule attachments were affected by the presence 

of global MMS-induced DNA damage as well, whereas the amount of benomyl used in 

the screens might be sufficient to trigger the SAC by disrupting a few microtubules but 

were not high enough to cause a profound impact on the activities of those MAPs and 

motors. 

Overall, the SPI screens have identified a number of proteins that might be related to 

Rdh54p’s function in checkpoint adaptation and have also revealed that the PIP-box motif 

of Rdh54p has functional roles distinct from the protein’s ATPase activity. Nevertheless, 

it is difficult to interpret the SPI results since the exact cause of the observed growth 

defect is not clear, especially in the presence of checkpoint signals, as both prolonged 

checkpoint arrest and premature checkpoint adaptation could lead to reduced colony size. 

Therefore, these SPI results need to be followed with further experiments, for example 

by using time-lapse live-cell imaging to examine how the forced associations affect a 

cell’s behaviour in the presence of checkpoint-inducing reagents. 

5.3 FLIM screens for Rdh54p’s interacting partners 

Considering that Rdh54p is known to constitutively localise at the kinetochore and that 

several KPs presented hits for the Rdh54p SPI screens described above, it would be 

interesting to more precisely explore the location at the kinetochore where Rdh54p 

normally resides. To this end, I utilised the FLIM HCA methodology described in Chapter 

3 and validated by the experiments discussed in Chapter 4 to screen for interacting 

partner(s) of Rdh54p at the kinetochore. This section reports the results of FLIM 

experiments that explored the proximity of Rdh54p’s C-terminal end to the C-terminal 

ends of various selected KPs using FRET.  
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5.3.1 Strains constructed for the Rdh54p FLIM screens 

I utilised the budding yeast GFP library used in the previous SPI screens to construct the 

diploid strains to be imaged in the FLIM screens. I selected 16 KPs representing various 

locations along the kinetochore-microtubule axis, many of which were found as SPIs for 

Rdh54p, as candidates of the FLIM screens for Rdh54’s interacting partners (Figure 

5-13), and I picked out the corresponding 16 MATa strains from the GFP library. I also 

constructed a MATa strain expressing Rdh54p-mCherry, by inserting a DNA fragment 

encoding mCherry and a marker for hygromycin resistance at the end of the RDH54 gene 

via yeast transformation for genomic integration. These selected MATa GFP strains were 

then mated respectively with the MATa Rdh54p-mCherry strain to construct the dual-

labelled diploid strains that were heterozygous for the genes of both the FRET donor GFP 

and the acceptor mCherry (note that the GFP protein expressed from the yeast GFP library 

is in fact the variant GFP-S65T432,433,533, but for simplicity I denoted it here as GFP). For 

each of these dual-labelled strains, I also constructed a donor-only diploid strain by 

mating the corresponding MATa GFP strain with a wild-type MATa strain to serve as a 

negative control for FRET. Constructing one negative control for each dual-labelled 

strain was necessary, as I expected that the donor GFP would exhibit different non-

FRETing lifetimes when it was tagged to different KPs (as was found for mTq2FP), the 

FRET donor I used for the previous FLIM experiments for validating the methodology 

reported in Chapter 4. In principle, it would be more efficient to label Rdh54p with GFP 

and the KPs with mCherry, as then only one donor-only negative control would need to 

be made for all the dual-labelled query strains. However, Rdh54p-GFP did not exhibit 

kinetochore foci discernible by either a wide-field fluorescence microscope or the FLIM 

microscope and so this approach did not work. Further, kinetochore foci were also not 

observed in a strain expressing Rdh54p-mTq2FP; for reasons not yet clear, kinetochore 

foci were only seen in a strain with Rdh54p-YFP (using the variant YFP-10C534). One 

possibility is that owing to the tendency of the YFP molecules to dimerise with each other, 

there are more Rdh54p molecules at the kinetochore in the Rdh54p-YFP strain than in a 

wild-type strain. I was also unable to make the query strains homozygous for the acceptor 

gene to increase the opportunity of FRET (as I did for most of the strains reported in 

Chapter 4). This is because the strains used in this chapter are of the S288C background, 
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which tend to sporulate poorly compared with the W303-derivative strains used in 

Chapter 4.  

 

Figure 5-13 Kinetochore proteins selected for being respectively labelled by the 
FRET donor GFP 

The approximate localisations of the 16 selected KPs (Cep3p, Cnn1p, Nkp2p, Ctf19p, Okp1p, 
Mcm21p, Ame1p, Mtw1p, Spc24p, Spc25p, Ndc80p, Nuf2p, Spc34p, Ask1p, Dad1p, Dad3p) 
along the kinetochore-microtubule axis are highlighted on a schematic of the budding yeast 
kinetochore. 
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Figure 5-14 Exemplar fluorescence intensity image of diploid budding yeast cells 
expressing Ask1p-GFP 

The image was taken with the automated FLIM microscope. Each bright focus is a collection of 
Ask1p-GFP molecules in a kinetochore cluster.  

5.3.2 Combining the image-wise fitted lifetime results from multiple 
experiments and filtering the data based on the total signal level in 
each FOV 

I performed the FLIM experiments and the subsequent FLIM data analysis following the 

method described in Chapter 3. Similar to the experiments reported in Chapter 4, in each 

of these experiments I transferred the cell culture of each strain into 3 replicate wells and 

took 45 FOVs in total for each strain, i.e. 15 FOVs per well. Each FOV was imaged with 

3 time-gates for pre-photobleaching and 7 for sampling the fluorescence decay, with the 

image for each time-gate integrated for 2 s on the CCD camera. With the time needed for 

stage movement and auto-focusing added, each FOV required ~30 s for image acquisition. 

This was ~33% faster than imaging mTq2FP in the previous experiments, mainly due to 

the higher brightness of GFP compared with mTq2FP and the weaker autofluorescence 

background in the GFP channel that required less time for pre-photobleaching, as shown 



 202 

in the exemplar fluorescence intensity image of cells expressing Ask1p-GFP in Figure 

5-13 (in comparison to the exemplar image shown in Figure 3-8 where Ask1p was 

labelled with mTq2FP). In total, it took ~23 min to image each strain and thus <6 hr for 

an experiment involving 14 strains. Only 14 pairs out of the 16 pairs of constructed strains 

were imaged, as no GFP foci were seen in 2 of the strains (Cnn1p-GFP and Spc34p-GFP) 

under the FLIM microscope. 

 

Figure 5-15 Lifetime results from multiple experiments for the same strain needed 
to be normalised before being combined 

(a) Globally fitted donor fluorescence lifetimes for the 4 donor-only strains related to the NDC80 
complex from 2 separate experiments.(b) The effect of the normalisation operation on the image-
wise lifetimes results for the donor-only strain expressing Spc24p-GFP. 
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To minimise potential biases introduced to the results during the prolonged experiments 

owing to the deterioration of cell fitness of time, the positions of the wells of all strains 

on a 96-well plate were semi-randomised in the same manner as in Figure 3-20. I also 

conducted at least 2 separate experiments on different days for each strain to further 

average over biological and experimental noise. To determine whether the results for a 

strain from separate experiments can be directly combined together for further statistical 

comparisons, as done for the experiments in Chapter 4, I examined the globally fitted 

mono-exponential donor fluorescence lifetimes for all the donor-only control strains. 

Unlike what was seen in Chapter 4, these measurements did seem to present systematic 

shifts in the measured lifetime values from different multiwell plate experiments 

compared with the impact of noise within a multiwell plate experiment. Figure 5-15a 

provides an example of these lifetime shifts using the results from the 4 donor-only strains 

related to the NDC80 complex at the kinetochore. The presence of these shifts, which 

could be due to some systematic biases as discussed in Section 4.2.2, could skew the true 

underlying distributions of the lifetimes if the lifetime results are combined directly. To 

reduce the impact of these shifts, I decided to perform a normalisation operation on the 

lifetime results for each strain from multiple experiments when combining them. The 

normalisation operation was performed using a custom-written MATLAB script 

following the algorithm below: 

1. Load in the image-wise lifetime results for a pair of strains, i.e. a dual-labelled 

query strain and the corresponding donor-only control, from one experiment; 

2. Get the median lifetime from the control strain’s results, 𝑚¥�, and then normalise 

the image-wise lifetime results for both strains towards that median lifetime by 

dividing them with 𝑚¥�, resulting in two normalised unitless lifetime datasets, 

𝜏¦@1� (for the query strain) and 𝜏¥@1� (for the control strain); 

3. Repeat the above two steps for the results for the same pair of strains from a 

second experiment, i.e. to get another median lifetime from the control strain, 𝑚¥q, 

and normalise all the lifetime results, and keep repeating if there are results from 

more experiments for the same pair of strains; 

4. Use the median lifetime from each experiment (𝑚¥�, 𝑚¥�, … ,𝑚¥@) to calculate a 

mean median lifetime (𝑚¥ ) weighted by the total signal count in the control 
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strain’s segmented kinetochore images from each experiment (𝑠¥�, 𝑠¥�, … , 𝑠¥@), 

i.e. 𝑚¥ =
∑ (B«d×l«d)¬
d­�
∑ l«d¬
d­�

. 

5. Combine the normalised unitless lifetime datasets into one single dataset for each 

strain, and then multiply the unitless lifetime values with 𝑚¥  to get the final 

normalised lifetime dataset for each strain. 

Figure 5-15b shows an example of how the normalisation operation reduced the effect of 

lifetime shifts between separate experiments on the distribution of the image-wise 

lifetimes for the donor-only strain expressing Spc24p-GFP.  

 

Figure 5-16 Distributions of the fitted image-wise donor fluorescence lifetimes 
against the total signal level of each FOV for 3 different donor-only strains 

A theshold for the total signal level was consequently set to 1´105 digital number (red dashed 
line) for excluding FOVs with insufficient photon counts from the following statistical 
comparisons. 

After combining the image-wise lifetime results, I decided to filter them based on the 

total signal level in each FOV, as was done with the data in Chapter 4. As shown by the 

exemplar results for 3 strains in Figure 5-16, similar to what was found in Figure 4-4 and 

Figure 4-5 the distribution of the image-wise lifetimes still exhibited a dependency on the 

total signal level of each FOV; the higher the total signal level, the narrower the lifetime 

distribution. The brightness of GFP relative to the autofluorescence background was 

much higher than that of mTq2FP, and therefore it allowed the acquisition of more signal 

using lower excitation power, fewer time gates, and shorter exposure time compared with 
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the experiments using mTq2FP as the donor. Nevertheless, for the KPs at the inner 

kinetochore, e.g. Mcm21p and Ctf19p as shown in Figure 5-16, the acquired total signal 

levels for some images could still be too low for precise estimation of the underlying 

donor fluorescence lifetime. I note that, while Mcm21p was expected to have the same 

protein copy number as Ctf19p, as both of them belong to the COMA complex and each 

contributes one copy to one complex, the measured average pixel intensity, as well as the 

total signal level per FOV, were much lower for Mcm21p-GFP than the Ctf19p-GFP. The 

cause of this is unclear but was not investigated further due to lack of time. I decided to 

set a threshold for the total signal level for each FOV at 1´105 digital number and to only 

use the lifetime results from the FOVs that satisfied this criterion for the subsequent 

statistical analyses. I expected that restricting the analysis to these high-quality data 

would increase the likelihood of revealing an underlying donor fluorescence lifetime 

difference between a query strain and a control strain that would indicate the presence of 

FRET. 

5.3.3 A reduction in the donor fluorescence lifetime seen in the positive 
control strain validates the use of GFP/mCherry as the FRET pair 

After processing the lifetime results as described in the previous two subsections, I 

compared the donor fluorescence lifetime result from a dual-labelled diploid strain 

expressing Spc24p-GFP and Spc25p-mCherry (heterozygous for both the FP genes) with 

that from the corresponding donor-only control. The dual-labelled strain was constructed 

to be a positive control for FRET, nothing that the C-termini of Spc24p and Spc25p were 

shown to be in close proximity in Chapter 4. As demonstrated in Figure 5-17, this strain 

indeed exhibited a significantly reduced donor fluorescence lifetime compared with the 

donor-only control when the results were statistically compared using the two-sided 

Wilcoxon rank-sum test. While the observed reduction in the median lifetime was only 

141 ps, which is much lower than that found in Chapter 4 (1064 ps) when mTq2FP and 

YFP were used as the FRET pair, this result nevertheless validated GFP and mCherry as 

a working, although not ideal, FRET fluorophore pair in budding yeast cells. The 

differences in the measured lifetime reduction and the effective FRET efficiency could 

be partly explained by the fact that there were more acceptors for the donors to FRET 
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with in the strain used in Chapter 4, as it was homozygous for the acceptor gene (see the 

discussion in Section 4.3). 

 

Figure 5-17 FLIM results of the strain expressing Spc24p-GFP/Spc25p-mCherry 
and the corresponding donor-only strain 

Each box plot shows the median value (bar) and the quartiles (box) of the fitted image-wise donor 
fluorescence lifetime values. The notches indicate the 95% confidence interval of the median. 
The whiskers correspond to the minimum of the data range or 1.5×	 the interquartile range. 
Extreme data points are marked as outliers. The number of FOVs analyzed for each strain is 
shown in parentheses above the corresponding box. The statistical test performed was the two-
sided Wilcoxon rank-sum test. 

5.3.4 FLIM results suggest that Rdh54p may be localised in proximity 
with Ctf19p and Nkp2p in the CTF19 complex at the kinetochore 

Similar to Section 5.3.3, the lifetime results for each pair of the strains in the Rdh54p 

FLIM screens were compared using the two-sided Wilcoxon rank-sum test. Among the 

14 analysed query strains, 2 of them exhibited statistically significant lifetime reductions 

when tested individually with a significance level of 	𝛼=0.05, which were the Ctf19p-

GFP and the Nkp2p-GFP strains (Figure 5-18a and Figure 5-18b). My methodology was 

unable to detect a statistically significant lifetime change between any other pair of query 

strain and donor-only strain (Figure 5-19). 
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Figure 5-18 FLIM results for the two pairs of strains where significant reductions 
in the donor fluorescence lifetimes of the query strains were seen 

(a) The query strain expressing Ctf19p-GFP and Rdh54p-mCherry exhibited a significantly 
reduced donor fluorescence lifetime as compared with the donor-only negative control using the 
two-sided Wilcoxon rank-sum test. (b) The query strain expressing Nkp2p-GFP and Rdh54p-
mCherry exhibited a significantly reduced donor fluorescence lifetime as compared with the 
donor-only negative control using the two-sided Wilcoxon rank-sum test. Each box plot shows 
the median value (bar) and the quartiles (box) of the fitted image-wise donor fluorescence lifetime 
values. The notches indicate the 95% confidence interval of the median. The whiskers correspond 
to the minimum of the data range or 1.5×	the interquartile range. Extreme data points are marked 
as outliers. The number of FOVs analyzed for each strain is shown in parentheses above the 
corresponding box. 
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Figure 5-19 FLIM results for all the other strains where no significant donor 
fluorescence lifetime change was seen 

None of the query strains in these groups showed a significantly different lifetime value compared 
with their corresponding donor-only negative controls under the two-sided Wilcoxon rank-sum 
test. n.s.: non-significant. Each box plot shows the median value (bar) and the quartiles (box) of 
the fitted image-wise donor fluorescence lifetime values. The notches indicate the 95% 
confidence interval of the median. The whiskers correspond to the minimum of the data range or 
1.5×	the interquartile range. Extreme data points are marked as outliers. The number of FOVs 
analyzed for each strain is shown in parentheses above the corresponding box. 

Based on the FLIM results, it seems that Ctf19p and Nkp2, both of which belong the 

CTF19 complex at the inner kinetochore, are in close proximity with Rdh54p. However, 

it has to be noted that, among the 3 separate FLIM experiments performed for each pair 

of strains that constituted the final combined results shown in Figure 5-18, only in one 

experiment was a lifetime reduction seen for each pair of strains, respectively; in the other 

two experiments there was no significant lifetime difference for each pair of strains. The 

reductions in the median lifetimes in the combined results were also quite small compared 
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with what was seen in the positive control strain in the above subsection, being 28 ps for 

the Ctf19p-GFP pair and 47 ps for the Nkp2p-GFP pair, which was reflected by the 

relatively large p-values.  

5.3.5 Summary and discussion 

In this section, I reported the application of the FLIM HCA platform to undertake FRET-

based screens to identify interacting partners of Rdh54p at the kinetochore.  

For these screens, I constructed 16 query strains where the donor GFP and the acceptor 

mCherry were endogenously tagged to a KP and Rdh54p, respectively, as well as 16 

corresponding donor-only strains to provide negative controls for FRET. Since 2 out of 

these 16 pairs of strains did not exhibit discernible kinetochore foci (Cnn1p-GFP and 

Spc34p-GFP), only 14 pairs of strains were imaged. Due to the use of fewer time-gates 

for each FLIM image (10 vs. 12) and a shorter exposure time (2 s vs. 3 s) for each time-

gate (made possible by the relatively higher brightness of GFP compared with mTq2FP 

and the lower cellular autofluorescence in the green channel), only ~30 s was required to 

image each FOV, thereby increasing the imaging speed by ~33% compared to the 

imaging of the strains expressing mTq2FP-labelled KPs as reported in Chapter 4. As there 

seemed to be a more significant systematic shift between the donor fluorescence lifetimes 

measured for the same strain but from different experiments, I employed a normalisation-

based algorithm to correct for this shift when combining FLIM results from multiple 

experiments. The combined FLIM results for each strain were then filtered based on the 

total signal level in each FOV, and only FOVs with sufficient photon counts were retained 

for the subsequent statistical comparisons. 

The validity of using GFP and mCherry as a FRET pair was confirmed by a positive 

control strain for FRET, where Spc24p and Spc25p were labelled by the FRET pair 

respectively: a reduction in the donor GFP fluorescence lifetime compared with the 

corresponding donor-only negative control was observed as expected. Two query strains, 

one with Ctf19p-GFP/Rdh54p-mCherry and the other with Nkp2p-GFP/Rdh54p-

mCherry, also exhibited reductions in the donor fluorescence lifetime compared with 

their negative controls, suggesting that FRET occurred between the fluorophores and that 
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Rdh54p’s constitutive localisation at the kinetochore is near the CTF19 complex. 

However, it should be noted that these reductions in the median lifetimes were small 

(28 ps and 47 ps respectively) compared to the non-FRETing donor lifetimes of ~2600 ps 

measured from the two negative controls, and they were not observed in every experiment. 

It is likely that these small lifetime reductions were close to the noise level, and therefore 

in some experiments they were buried by the noise; this could be improved as discussed 

below. Another possible reason for the low donor lifetime reductions upon FRET - and 

the lack of them for some of these strains - could be that the relative orientation of the 

FRETing fluorophore dipoles was constrained to be close to orthogonal, which would 

have reduced the FRET efficiency and led to false negative results concerning the 

proximity of the fluorophores535. In addition, the statistical tests were applied for each 

query strain in isolation. Given the significance level chosen of 𝛼=0.5, if 20 query strains 

are tested then we would expect one strain to show a positive interaction through chance 

alone. The fact that we obtain two query strains that exceed our chosen significance level 

out of 14 tested indicates that at least one of these is likely to be a real one. If time allowed 

then a more rigorous statistical analysis could be performed, but further experimental 

repeats could also be performed in order to allow these small changes in fluorescence 

lifetime to be detected more reliably. 

Overall, the results of the FLIM screens are encouraging and they have identified the 

CTF19 complex as a potential localisation of Rdh54p at the kinetochore - where the SPI 

screens also found hits. The results of these two sets of screens support the idea that 

Rdh54p’s localisation near the CTF19 complex is regulated by the cell cycle and has a 

functional role that can negatively affect cell growth when Rdh54p is forced to stay at 

that location throughout the cell cycle. One possibility is that, considering the role of the 

CTF19 complex in recruiting pericentromeric cohesin237 and the translocase activity of 

Rdh54p, Rdh54p might promote checkpoint adaptation by affecting sister-chromatid 

cohesin. These ideas should be tested by further experiments.  

Similar to the discussions in Chapter 3 and Chapter 4, a number of further developments 

could improve the capability of the FLIM method for identifying PPIs. For example, 

instead of using strains of the S288C background that are poor in sporulation, W303-

derived strains should be chosen instead, so as to allow the construction of dual-labelled 
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query strains that are homozygous for the RDH54-mCherry gene via further sporulation 

and crossing (see Section 4.2.1). This would increase the number of mCherry acceptors 

in the cell and potentially increase the FRET efficiency. It may also be worthwhile to 

choose a different FRET pair: the effective FRET efficiency of only 5.4% measured from 

the positive control strain with Spc24p-GFP/Spc25p-mCherry is much lower than the 

25.9% efficiency measured from the strain with mTq2FP and YFP labelling the same pair 

of KPs. This cannot be fully accounted for by the 50% fewer acceptor molecules in the 

former strain that is heterozygous for the SPC25-mCherry gene and therefore indicates 

that GFP and mCherry are not FRETing optimally. An optimal donor fluorophore may 

still fluoresce in the green channel, where the cellular autofluorescence has been found to 

be much weaker than in the blue channel; alternatively, a red or far-red donor and 

corresponding acceptor may be found. This could facilitate multiplexed FLIM/FRET of 

two different FRET pairs in the same budding yeast cell, e.g. if used with the 

mTq2FP/YFP FRET pair. Ideally, a new donor should be even brighter than GFP to 

enable the use of a shorter exposure time for imaging at each time-gate. Combined with 

the use of fewer time-gates to sample the fluorescence decay, this could further reduce 

the time for imaging each FOV and enable the screening of more strains or replicates in 

each multiwell plate experiment.  

After identifying a better FRET pair, the PPIs between Rdh54p and KPs could also be 

further examined using the FLIM HCA method. In the experiments reported in this 

section, the fluorophores were always tagged to the C-termini of proteins; changing the 

labelling to the N-termini of some proteins may lead to additional information about 

Rdh54p’s localisation. It should also be checked whether the PIP-box mutant rdh54p-pip, 

which abolished the sensitivity of the CTF19 components to forced associations with 

Rdh54p, also localises near the CTF19 complex; my current assumption is that the PIP-

box motif is required for both the localisation and the function of Rdh54p near the CTF19 

complex. Furthermore, it would be interesting to explore whether the kinetochore 

localisation of Rdh54p or rdh54p-pip changes in the presence of activated DDC or SAC 

and after prolonged cell cycle arrest. 
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5.4 Summary and future work 

In this chapter, I reported my work to begin exploring how Rdh54p achieves its 

uncharacterised function in promoting the adaptation to the SAC-dependent DDC. To this 

end, I used the SPI screens to systematically query for the proteins in the yeast proteome, 

or related to the kinetochore, that are sensitive to the forced association with Rdh54p or 

its mutants rdh54p-pip and rdh54p-K318R, and I identified hits enriched for the DNA 

damage response and the kinetochore (especially the CTF19 complex). Under 

checkpoint-inducing growth conditions, some other hits were found. All these results 

imply that Rdh54p indeed has a role in both the DDC and the SAC, and its PIP-box motif 

may be important for its kinetochore-related functions. I also employed the FLIM FRET 

screens to examine the constitutive localisation of Rdh54p at the kinetochore and found 

that Rdh54p may reside near the CTF19 components Ctf19p and Nkp2p. Both the SPI 

and FLIM FRET results are worth following up, as discussed in detail in Section 5.2.5 

and Section 5.3.5. 

Besides the follow-up experiments proposed in Section 5.2.5 and Section 5.3.5, work can 

be done to investigate Rdh54p’s checkpoint adaptation function from other angles. For 

example, as it has not yet been reported whether Rdh54p promotes the checkpoint 

adaptation when only the SAC is activated (e.g. by using a microtubule-depolymerising 

drug or forcing the association of Mps1p and Spc105p523) in the absence of a persistent 

DNA DSB, this should be tested to confirm that Rdh54p has a role outside the DNA 

damage response. Another example is that, as Rdh54p has been shown to compensate for 

the functions of the chromatin assembly factors Asf1p and Cac1p and to redistribute to 

pericentromeric chromatin in their absence513, it would be interesting to explore whether 

the Rdh54p-dependent checkpoint adaptation pathway is partially overlapped with the 

Asf1p- and Cac1p-dependent DDC recovery pathway536. While it is not yet possible to 

propose a working model for the exact mechanism of how Rdh54p functions in promoting 

the adaptation to the SAC-dependent DDC, the data reported in this chapter and the 

proposed experiments should bring us closer to the answer.  
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Chapter 6. Conclusion and outlook 

In this thesis I have described my work to establish and apply a FLIM HCA methodology 

to study in vivo PPIs at the budding yeast kinetochore utilising FRET. Specifically, I have: 

• Established FLIM FRET as a tool for HCA of in vivo PPIs at the budding yeast 

kinetochore for the first time, addressing the challenges imposed by the limited 

copy numbers of FP-labelled endogenous proteins and the relatively strong 

cellular autofluorescence in the blue and green channels (Chapter 3).  

• Validated the FLIM HCA methodology by showing that the method can reliably 

identify known PPIs between specific KPs at the kinetochore (Chapter 4). 

• Used SPI screens to show that the DNA repair protein Rdh54p causes growth 

defects when forced to associate with a number of KPs, most of which belong to 

the CTF19/COMA complex, supporting the idea that Rdh54p’s constitutive 

localisation at the CTF19/COMA complex has functional significance. Several 

components related to the DDC and the SAC also exhibited sensitivity to the 

forced association of Rdh54p, which could be related to Rdh54p’s function in 

promoting the adaptation to the DDC-induced SAC-dependent cell cycle arrest 

(Chapter 5). 

• Applied the FLIM HCA method to assay interactions between KPs and the DNA 

repair protein Rdh54p, observing that Rdh54p seems to constitutively localise 

adjacent to the Nkp2p and Ctf19p KPs, which belong to the CTF19/COMA 

complex of the kinetochore (Chapter 5).  

These findings have been discussed in Chapters 3-5, together with suggestions to advance 

these studies.  

One priority for future studies would be to improve the FLIM HCA methodology, 

specifically to make it more sensitive to interactions between low abundance proteins at 

the kinetochore. The key challenges are the low number of the photons to be detected 

from kinetochore foci as well as background autofluorescence from the cells and their 

medium. The following work could help address these challenges: 
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• To change the donor fluorophore to a different FP, or other fluorescent marker, 

that provides higher brightness and which fluoresces in a spectral channel that 

presents less autofluorescence background. This would increase the sensitivity of 

the assay and/or the speed of image acquisition. An appropriate acceptor 

fluorophore would then need to be identified to complement the new donor 

fluorophore. Both the donor and the acceptor fluorophores should be photostable 

and compatible with live budding yeast imaging at 23˚C.  

• To improve the algorithm for segmenting kinetochore foci. This could better 

identify weak kinetochore signals and distinguish them from the background. A 

machine learning-based approach may be able to distinguish different types of 

foci that represent different phases of the cell cycle (such as the two closely 

aligned foci that represent metaphase kinetochores). 

• To improve the lifetime fitting strategy. Instead of performing image-wise mono-

exponential fitting, global fitting to a suitable complex decay profile may yield 

more quantitative data about the population fraction of the FRETing donor and 

may more effectively suppress the impact of background in the detected signal. 

Alternatively, for bright kinetochore foci, it might be possible to perform lifetime 

fitting to the fluorescence signals from individual cells. Moreover, with a machine 

learning-based segmentation algorithm that could discriminate different types of 

kinetochore foci, it would be intesting to acquire lifetime values for each 

subpopulation of cells that have the same type of kinetochore foci in a FOV.  

• To improve the statistical analysis of the lifetime results. The currently employed 

method that relies on the p-value for reporting statistical significance can be 

susceptible to false positive results: for a chosen significance level of 𝛼=0.5, 

comparisons between 20 pairs of data with identical distributions could present 

one pair with an apparent statistical difference by chance. Hence, the significance 

level should be adjusted accordingly when multiple comparisons are made. For 

the work reported here I used the stringent Bonferroni correction to correct for 

only the multiple comparisons maded within a group of strains that have the same 

donor-tagged KP, which are presented in Chapter 4, but not for the comparisons 

presented in Chapter 5 where different pairs of strains have different donor-tagged 



 215 

KPs. For future work, a more suitable statistical analysis to correct for multiple 

comparisons should be explored. 

In terms of future biology studies, the work described in this thesis suggests that Rdh54p 

functions close to the CTF19/COMA complex in the kinetochore and this could be further 

explored. The function of the CTF19/COMA complex is not entirely clear; however, it 

plays roles in establishing the kinetochore structure and in influencing the chromatin 

around the centromere (for example, affecting chromatin condensation and sister-

chromatid cohesion). The observation of Rdh54p’s localisation near this complex is 

therefore intriguing, as the CTF19/COMA complex provides an interface between the 

kinetochore structure and surrounding DNA, and as Rdh54p is canonically described as 

a DNA repair protein with helicase motifs. Rdh54p also promotes the adaptation to the 

cell cycle arrest that is induced by persistent DNA damage and is dependent on the SAC. 

My data implicates CTF19/COMA as the likely location within the kinetochore that 

Rdh54p may function. However, the data does not tell us whether this function is related 

to the DDC/SAC adaptation. The following possibilities could be explored: 

• Rdh54p may affect cohesin adjacent to the kinetochore. There is evidence in 

meiosis that Rdh54p is involved in remodelling cohesin and the pericentromeric 

region is a key site for cohesin loading.  

• Rdh54p may downregulate the DDC, although exactly how this function would 

be achieved is unclear. It may be through interaction with RPA or Ddc2p-Mec1p 

(all of which were sensitive to forced Rdh54p association).  

• Rdh54p may act directly upon the kinetochore to inhibit the SAC, for example, 

by inhibiting some component(s) of the SAC. However, this is unlikely since there 

is no documented activity of Rdh54p in SAC regulation.  

 For future work it would be possible to test these ideas in several ways: 

• By mapping cohesin distribution using ChIP-Seq (chromatin immuno-

precipitation followed by sequencing) around the centromere in wild type or 

rdh54 mutants, both in undamaged cells and those containing a DSB. This could 

determine whether Rdh54p affects cohesin adjacent to centromeres. 
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• By examining whether the SPIs between Rdh54p and RPA/Ddc2p inhibit the 

DDC. This would define whether Rdh54 is primarily inhibiting or shutting down 

the cells normal response to DNA damage. For example, epistasis analysis 

between RDH54 over-expression and DDC mutants may be informative. 

• By testing whether Rdh54p can inhibit SAC activation using an artificial SAC 

activator (e.g. a Mps1p-Spc105p fusion). Although this is unlikely, it is important 

to ascertain whether Rdh54 can disrupt normal SAC function.  

Finally, my work to demonstrate FLIM HCA as a novel method to study in vivo PPIs at 

the budding yeast kinetochore could be adapted to study other foci in budding yeast cells 

(e.g. DNA repair foci and SPBs), or even other cellular structures (nuclear pores, cell 

membrane, mitochondria, etc.).  
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