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Abstract

The characteristic chromatin condensation of human chromosomes was followed by
fluorescence lifetime imaging microscopy (FLIM), a technique which utilizes a fluorophore’s
lifetime to probe changes in its environment. Human metaphase and interphase chromosomes
were labeled with the DNA minor groove binder, DAPI, followed by measurement and
imaging of the excited state lifetime using multiphoton excitation. DAPI excited state lifetime
variations in metaphase chromosome spreads showed differentially compacted regions of
chromatin along the length of the chromosomes. The heteromorphic regions of chromosomes
1,9, 15, 16, and Y, which consist of highly condensed constitutive heterochromatin, showed
statistically significant shorter DAPI lifetime values than the rest of the chromosomes.
Differences in the DAPI lifetimes for the heteromorphic regions suggest differences in the
structures of these regions. DAPI lifetime variations across an interphase nucleus showed
variation in chromatin compaction in interphase and formation of chromosome territories

within the nucleus.

Introduction

The packaging of cellular nuclear DNA into chromosomes, particularly at the nanometer
length scales and the consequences thereof, is still little understood. Knowledge of the
physical state of the genetic material of the cell, the form and subsequent function of the
substructure of chromosomes during its transcription and replication, and during cell division,
is highly desirable. Chromosomes are composed of chromatin, a complex of DNA and
proteins, which are arranged into elementary structural units of nucleosomes. Each
nucleosome consists of 147 base pairs of DNA wrapped around a core of eight histone

proteins (1). These nucleosomes are arranged into 11-nm fibers having a “beads-on-a-string”



appearance (2). As the cell cycle proceeds from interphase to metaphase, the chromatin
undergoes further condensation by the addition of a protein scaffold thus forming higher
order structures until the chromosomes reach the metaphase stage of mitosis, their most
compact state (3). The organization of chromatin into these higher-order structures and the
factors that play a role in the condensation process remains a subject of debate and represent

one of the key challenges in structural biology.

Chromatin has been historically categorized into two structural states: heterochromatin and
euchromatin (4). Heterochromatin has been described as the chromatin fraction that is more
compact and remains condensed throughout the cell cycle except during its replication. It is
thought to be inactive in transcription, has a low gene density, and is replicated late in the S-
phase (5, 6). It can be further classified into constitutive heterochromatin, which is composed
of repetitive sequences of DNA known as satellite repeats and is associated mostly with
pericentromeric and telomeric regions of the chromosome, and facultative heterochromatin,
which can interconvert between heterochromatic and euchromatic states when triggered by
several factors such as acetylation and methylation (7, 8). Whilst euchromatin has been
described as the chromatin fraction that is relatively decompacted and decondenses during
interphase, it is active in transcription, more likely to contain genes, and is replicated early in

S-phase (5, 6).

Visualization of subchromosomal regions can be achieved through so-called banding, a
characteristic striped appearance that results from the differential staining along the length of
a chromosome. Bands also allow the identification of individual chromosomes and the
presence of possible abnormalities therein such as deletions, insertions, and translocations
and are used in cytogenetic clinical laboratories. The common banding patterns observed are
G-, R-, and C- banding patterns (9). Usually, the contrast between the bands is based on the

relative intensity of the stain.

A vital characteristic of a fluorophore apart from excitation, emission wavelength, and
intensity is its fluorescence excited state lifetime (t), which can be defined as the average
time a fluorophore stays in the electronic excited state. There are different pathways of
relaxation (e.g. internal conversion, dynamic quenching, energy transfer) for a fluorophore in
the excited state aside from fluorescence which can all compete kinetically with fluorescence

and thereby affect the fluorescence rate (10). The rates of these relaxation pathways are



sensitive to many factors such as proximity of the fluorophore to other fluorophores and
quenching species, and dielectric constant of the medium. Hence, fluorescence lifetime can

change markedly depending on a fluorophore’s environment.

Fluorescence lifetime imaging microscopy (FLIM) is a technique that maps the spatial
arrangement of lifetime and can act as a probe to changes in the fluorophore’s environment.
A lifetime image is acquired wherein the fluorescence lifetime is measured, with temporal
resolution of nanoseconds or less, at every pixel of the image. FLIM has many applications
across both physical and life sciences. It is widely used for investigations at Forster resonance
energy transfer (FRET) lengths (1-10 nm) between a fluorophore and another molecule to
probe distances and study interactions between molecules (e.g. homo- and hetero-
dimerisations and protein-protein interactions (11, 12)). A major advantage of FLIM over
intensity-based fluorescence imaging is that, whereas fluorescence intensity is dependent
upon a variety of instrumental and sample influences, such as variations of fluorophore
concentration and photobleaching, fluorescence lifetime is generally independent of

variations in these factors (13).

Little is known about the sensitivity of fluorescence lifetime to changes in chromosome
environment. In this work, FLIM is used to investigate the different chromosome
substructures at the nanometer length scales by the variations in the DAPI (4’-6-diamidino-2-
phenylindole) excited state lifetime in DAPI-stained human metaphase chromosomes and
interphase nucleus. DAPI is a nucleic-acid specific fluorophore that is widely used in
chromosome staining because of its high quantum yield (¢r = 0.92) when bound to DNA (14),
and high photostability. The ¢r of unbound DAPI (0.04) is several orders of magnitude less
than in the presence of DNA. Here we observed variations in the DAPI excited state lifetime
along the length of the metaphase chromosomes and across the interphase nucleus, reflecting
differentially compacted regions of chromatin. The pericentromeric regions of chromosomes
1, 9, and 16, short arm of chromosome 15, and distal region of chromosome Y in the
metaphase spreads showed significantly shorter lifetime values (11,16, vy=2.57 + 0.06 ns, Toq, 15
=2.41 + 0.06 ns, and 19, = 2.21 & 0.05 ns) as compared with the rest of the chromosomes (t =
2.80 £+ 0.09 ns).



Results

Excited State Characteristics of DAPI in Solution

The lifetime of unbound DAPI in PBS solution (pH 7.2) was initially measured to determine
both the sensitivity of the system as well as the accuracy of lifetime measurements since the
excited state lifetime of DAPI is known (15). The fluorescence decay showed a double
exponential character. The relative amplitudes of the long and short lifetime components
were determined to be 0.41 and 0.59, respectively. The value of the long lifetime component,
2.66 ns, agrees well with literature while the value of the short lifetime component, 0.36 ns, is

higher than that described in the literature at pH 7 where the value range is 0.19-0.24 ns (15).

FLIM of DAPI Bound to Metaphase Chromosomes
The fluorescence decay of DAPI bound to human metaphase chromosomes was found to
have single exponential characteristics. This is in contrast to the double exponential

fluorescence decay found for unbound DAPI in solution.

Figure 1 shows a lifetime image of a typical chromosome spread. False color is used to
represent the lifetime value at each image pixel. The lifetime images show that there is a
variation in the lifetime of DAPI along the length of the chromosomes. The DAPI
fluorescence decay curves with normalized intensities is also presented in the figure to
complement the lifetime images and show that the fluorescence of the DAPI molecules in the
red regions has a faster decay than that in the blue regions. The mean lifetime + standard
deviation (SD) of DAPI for the measured chromosome spread in Figure 1a was determined to

be 2.91 £ 0.12 ns.

Identification of Heteromorphic Regions in Chromosomes

12 chromosome spreads with 45 or 46 chromosomes each were measured from three slides.
The lifetime images and lifetime distribution curves of these spreads show that certain
chromosomes have specific regions along their lengths that have significantly short lifetimes,

mostly in close proximity to the centromeres.

Figure 2a shows a lifetime image of one of the spreads. The lifetime distribution curves with
normalized frequencies for the short lifetime regions (red regions in Figure 2a) and the rest of

the chromosomes are shown in Figure 2b. The mean lifetime of DAPI for the short lifetime



regions for the spread in Figure 2a was determined to be 2.48 + 0.13 ns while that for the rest

of the chromosomes in the spread was determined to be 2.80 = 0.09 ns.

mFISH was performed in all of the measured spreads in order to identify the chromosomes
containing the short lifetime regions. The mFISH image and karyotype of the spread in
Figure 2a are shown in Figures 2c and 2d, respectively. The regions showing shorter
lifetimes, as compared with the rest of the chromosomes, in all of the measured spreads were
identified to be the pericentromeric regions of chromosomes 1, 9, and 16, the short arm of
chromosome 15, and the distal region of chromosome Y. These regions are generally

classified as heteromorphic regions.

To further characterise the heteromorphic regions, Table 1 shows the mean lifetime value of
DAPI for each of the heteromorphic regions in Figure 2a. Since each chromosome number
consists of a pair of chromosomes, the mean lifetimes and standard deviations for the
heteromorphic regions obtained for chromosomes with the same chromosome number were

averaged and pooled, respectively.

It can be observed from the table that the measured lifetimes for the heteromorphic regions of
chromosomes 1, 16, and Y are similar and are significantly longer than that of chromosomes
9 and 15. The heteromorphic region of chromosome 9 can be described by two lifetimes so
that region 9a has a similar value to that of chromosome 15 while region 9b has a shorter
lifetime than that of region 9a. The other measured spreads (Supplementary Tables 1-11)
show a similar trend of the heteromorphic regions of chromosomes 9 and 15 having shorter

lifetimes than that of chromosomes 1, 16, and Y.

Trends in DAPI Lifetime with Chromosome Area

Chromosomes prepared for this study were blocked in metaphase using colcemid; cells in the
synchronized population are not all expected to be exactly in the same stage of the cell cycle
and will therefore display different degrees of chromatin compaction depending on which
time they reached the metaphase checkpoint relative to other cells in the population. This
variation in the compaction is reflected by a variation in the relative area of a particular
chromosome from one chromosome spread to another on the same slide. In order to observe
the effect of the different states of compaction on the fluorescence lifetime, we correlated the

mean DAPI lifetimes for various examples of chromosome 1’s from one slide and their



heteromorphic regions with the measured chromosome area. Analysis of the heteromorphic
regions and calculation of the chromosome areas were carried out using the Avizo software.
The lifetime value at each pixel of the chromosome images was given a false color depending
on the lifetime range of the spreads. The red regions, which represent the low lifetime values,
were identified as the heteromorphic regions. Again, the lifetime values for chromosome

pairs were averaged.

The graph in Figure 3 shows that the mean lifetimes of DAPI for chromosome 1 and its
heteromorphic region decrease strongly with decreasing chromosome 1 area. To the extent to
which the area of a chromosome in a spread represents packing density, the observed trend
suggests a linear dependence on density, representing the degree of condensation. A similar

trend is also observed for chromosome spreads on another slide (Supplementary Fig. 1).

Effect of DAPI Concentration on Lifetime

Metaphase chromosomes stained with a higher concentration of DAPI were also measured to
investigate possible different binding sites of DAPI in DNA and how this can affect the
lifetime. A double exponential character was observed for the DAPI fluorescence decay. The
lifetime images (Supplementary Fig. 2) show that there is a variation in both the short and
long lifetime components along the length of the chromosomes and this variation correlates
so that the value of the long lifetime component decreases as the value of the short
component decreases. The mean lifetimes + SD of DAPI for the first and second components

were calculated to be 1.06 = 0.04 ns and 3.45 + 0.05 ns, respectively.

FLIM of DAPI Bound to Interphase Chromosomes within the Nucleus

The excited state lifetime of DAPI bound to interphase chromosomes within a nucleus was
also imaged, as shown in Figure 4. A single exponential character was observed for the DAPI
fluorescence decay. The lifetime images of the measured nucleus show that there is a strong
variation in the DAPI lifetime across the interphase nucleus. Moreover, the images show

blocks of short lifetime values inside the nucleus.

A z-stack of the nucleus was taken using a multiphoton excitation (at 760nm) confocal
microscope. Figures 4a and 4c show images obtained at -0.50 ym and +0.50 pm,
respectively, from the original focal plane (Figure 4b). Even though the fixed nucleus is

highly collapsed from its native spherical shape as a result of the fixation process, this shows



the locations of the blocks in three dimensions. 3D reconstruction of the confocal z-stack
images (Supplementary Fig. 4) and quantitative analysis of the blocks were carried out using

the Avizo software.

Table 2 shows the volume, mean lifetime, and position, in relation to the radius of the
nucleus, of the heterochromatic blocks. It can be observed from the table that the
heterochromatic blocks are located either near the periphery of the nucleus or halfway
between the center and periphery of the nucleus. No blocks of very short lifetime values are
observed close to the center of the nucleus. The calculated volumes for these blocks are
found to be larger than the typical volume of a chromosome (~1-3 um’), suggesting a
considerable spreading in interphase. The error in the volume calculations could be due to a
poor z-calibration of the confocal microscope during the measurements or that the
multiphoton volume is larger than that of the confocal at times. We examined three nuclei in
this study and found that all showed a similar distribution of short lifetime regions

(Supplementary Figs. 5 and 6).

Discussion

The two lifetime components observed for unbound DAPI in solution may be due to ground-
state heterogeneity arising from two differentially solvated populations of DAPI (16). The
indole ring of one of the populations is preferentially solvated in the ground-state, allowing
intramolecular proton transfer, from the 6-amidinium group of DAPI to the NH of the indole
ring, to take place in the excited state. The proton transfer process competes with
fluorescence and results in a non-fluorescent species thus accounting for the short lifetime
component observed. The long lifetime component arises from the population where proton
transfer at the indole ring does not occur in the excited state. The stability of these two
differentially solvated populations depends on the different rotamers of DAPI either at the C6
of the indole ring or at the C2 (17).

The lifetime images of DAPI-stained human metaphase chromosomes showed that there is a
variation in the lifetime of DAPI along the length of the chromosomes. The observed
variation in lifetime may be a reflection of the sensitivity of lifetime to the differentially
compacted regions of chromatin (i.e. heterochromatin and euchromatin) along the
chromosome length. The mean lifetime of DAPI for the measured chromosome spread in

Figure la is not too dissimilar to the long lifetime component of unbound DAPI in PBS



buffer thus signifying protection of the DAPI molecules from solvent quenching upon
binding to the chromosomes. DAPI binds to the chromosomes through the minor groove of
the DNA at the AT-rich regions (18, 19). Upon binding, it enters a hydrophobic environment
thus preventing intramolecular proton transfer. Furthermore, the -NH functional group of the
DAPT’s indole ring becomes unavailable for the transfer as it forms a hydrogen bond with the

thymine oxygen of the DNA.

The regions showing significantly short lifetimes along the length of the chromosomes were
identified to be the heteromorphic regions of chromosomes 1, 9, 15, 16, and Y.
Heteromorphic regions are microscopically visible regions on chromosomes that are variable
in size, morphology, and staining properties in different individuals (20). They are made up
of highly condensed constitutive heterochromatin and consist mostly of satellite DNA.
Several studies have suggested that the presence and sequence composition of satellite DNA
in constitutive heterochromatin is related to its highly condensed nature (7, 21, 22). Miller et
al. (22) has shown that DNA methylation occurs only in certain classes of repetitive DNA
and that the heteromorphic regions of chromosomes 1, 19, 15, 16, and Y are intensely
methylated. DNA methylation is one of the factors that play a role in the condensed structure
of heterochromatin (7, 21, 22). In addition, Dillon et al. (7) has suggested that the pairing

between repeats lead to higher-order structures in constitutive heterochromatin.

Since we have also identified a strong correlation between condensation state and lifetime in
Fig 3, we therefore suggest that these properties account for the shorter lifetimes observed at
the heteromorphic regions. Due to the highly condensed nature of the constitutive
heterochromatin, the excited state DAPI molecules can undergo more interactions such as
collisions with the DNA bases or other DAPI molecules (23) within these regions thus
resulting in the quenching of the DAPI fluorescence. This mechanism could explain why the
regions showing shorter lifetimes in the FLIM images correspond to more condensed regions

of the chromosomes.

The shorter DAPI lifetimes observed for the heteromorphic regions of chromosomes 9 and 15
as compared with those of the other heteromorphic regions suggest that there is a difference
in the structure of the heteromorphic regions of chromosomes 9 and 15 making these regions
more condensed than the other heteromorphic regions. This difference in the structures of the

heteromorphic regions among the chromosomes may result from a difference in the type and



amount of satellite DNA in these regions. The heteromorphic region of chromosome 9
contains the bulk of the human satellite DNA (24). Hence, the high concentration of satellite
DNA in this region may lead to a more condensed structure, which may account for the very
short lifetimes observed at this region, especially in region 9b, as compared with that of the
other heteromorphic regions. Furthermore, it was shown by Gosden et al. (24) and Jones et al.
(25) that human satellite III DNA concentrates mostly at the heteromorphic regions of
chromosomes 9 and 15 while human satellite II DNA concentrates mostly at the
heteromorphic regions of chromosomes 1, 16, and Y. Chromosome 9 was found to consist of
satellite II also but in less concentration. The difference between satellites III and 1II is that
satellite III has more sequence divergence than satellite II thus suggesting that satellite III is
older in evolution than satellite II (25, 26). This difference may be one of the factors that lead

to the difference in the structures of the heteromorphic regions.

The correlation of the mean lifetimes of DAPI for various chromosome 1’s from one slide
and their heteromorphic regions with the measured chromosome area shown in Figure 3
confirms the sensitivity of the DAPI fluorescence lifetime with chromatin compaction and
demonstrates that in general shorter lifetimes are associated with more condensed
chromosomes. Moreover, this result qualitatively agrees with our observation that the highly
condensed heteromorphic regions of the chromosomes showed shorter lifetimes than the rest
of the chromosomes and support the statement that the longer lifetimes observed along the

length of the chromosomes correspond to the less condensed regions of the chromosomes.

The lifetime images of human metaphase chromosomes stained with a higher concentration
of DAPI showed the presence of two lifetime components. This may be due to the presence
of two different binding modes of DAPI at higher DAPI loading. It has been suggested that
DAPI preferentially binds to the minor groove of DNA at the AT-rich regions (18, 19).
However, at a high concentration of DAPI where the AT-rich regions become fully saturated,
DAPI may also start to bind at the GC-rich regions through external binding (27, 28), where
DAPI may undergo electrostatic interaction with the phosphate groups of DNA, or through
intercalation (29, 30). These different binding modes can cause different DAPI lifetimes due
to different extents of protection of DAPI from solvent quenching. It has been shown that
DAPI bound to poly(d(A-T)) through the minor groove to give a longer lifetime (~4 ns) than
that of DAPI bound to poly(d(G-C)) through external binding or intercalation (~0.25 ns) (16,

31). This is because DAPI is more protected from solvent quenching when it is bound



through the minor groove than when it is intercalated or bound externally. Furthermore, in
the intercalative mode, DAPI can have electronic interaction with the DNA base pairs which
then contributes to the quenching of its fluorescence. Hence, the longer lifetime component
observed for the chromosomes, used in the quantitative analysis of our data, can be attributed
to minor groove binding while the shorter lifetime component can be attributed to external
binding and/or intercalation. The lifetime could also report on the physical state of the DNA,
such as its degree of supercoiling. Although we cannot completely rule out static DAPI-
DAPI quenching in the reduced lifetime data since the excitation and emission of the DAPI
fluorescence shows a 10% overlap. It is possible that given the correct dipole moment

orientation, homo-dimer energy transfer may occur.

Furthermore, the variations in the DAPI lifetime along the length of the chromosomes
observed for both the short and long lifetime components signify that the lifetime variations
along the length of the chromosomes observed at low DAPI concentration are not due to
different binding modes of DAPI but relate to the chromosome structure. Both lifetime
components appear to show a similar relationship between chromatin compaction and lower

lifetime values.

The variations in the DAPI lifetime observed across the interphase nucleus reflect
differentially compacted chromatin within the nucleus. From our chromosome data and
observations, we suggest that the reduced excited state lifetime regions inside the nucleus
consist of blocks of highly condensed heterochromatin and may correspond to the
heteromorphic regions observed for the metaphase chromosomes. The calculated positions of
these heterochromatic blocks agree with several studies performed on the formation of
chromosome territories inside an interphase nucleus (32-36). For a spherical interphase
nucleus, there is a correlation between the radial positioning of the chromosomes inside the
nucleus and the gene density of the chromosomes (32, 33). The late-replicating and gene-
poor chromosomes, such as chromosomes 9 and Y, are preferentially located near the
periphery of the nucleus. As mentioned earlier, chromosomes 1, 9, 15, 16, and Y contain
most of these heterochromatic blocks. Even though chromosomes 1 and 16 are not
preferentially located near the periphery of the nucleus because of their high gene density,
their heterochromatic blocks, which are late-replicating and gene-poor, tend to position near

the periphery (32, 34-36).



Overall, we have shown in this study that FLIM can be effectively used to probe
chromosome structure and map out locations of differentially compacted regions of
chromatin within the chromosomes.
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Methodology

Cell Culture and Chromosome Extraction

Chromosomes were prepared from b-lymphocyte cells from a Yoruba cell line (GM18507),
which has a normal karyotype of 46 chromosomes. This cell line was at passage four and
prepared according to the protocol described in (37). The cells were cultured in a suspension
of RPMI-1640 medium (Sigma Aldrich, UK) supplemented with 20% foetal bovine serum
(FBS) (Sigma Aldrich, UK) and 1% L-glutamine (Sigma Aldrich, UK) at 37°C in a 5% CO,
incubator. For synchronization of the cell cycle, the cells were treated with thymidine (Sigma
Aldrich, UK) at a final concentration of 0.3 mg ml™" for 17 hours. To obtain chromosomes at
the mitotic stage, colcemid (Invitrogen, UK) was added to the cells at a final concentration of
0.2 pg ml"'. The cells were then left for 16 hours before harvesting. This was followed by
hypotonic treatment of the cells with 0.075 M potassium chloride for five minutes. Following
the hypotonic treatment, the samples were fixed in three changes of 3:1 methanol: acetic acid

solution.

To prepare the samples for FLIM, the chromosomes were spread on glass slides using the
hanging drop method and stained with 4 uM DAPI (Invitrogen, UK) for five minutes. The
glass slides were washed in a 1x phosphate buffer saline (PBS) solution (Sigma Aldrich, UK)

for 5 minutes. The samples were covered with a coverslip together with deionised water as



the mounting medium.

Chromosome Identification using mFISH

In order to identify the chromosomes in the samples measured with FLIM, multiplex
fluorescence in-situ hybridization (mFISH) was performed using a 24XCyte mFISH probe kit
(MetaSystems, Germany) following the recommended procedure of the manufacturer and
according to a previously published protocol (38). The kit consists of 24 painting probes
specific for the 24 different human chromosomes. Each probe is labeled with up to five
different fluorophores in a combinatorial labeling format to provide 24 distinct colors. The
hybridization of the probe with the DNA sites was visualized by fluorescence microscopy
using a Z2 Zeiss fluorescence microscope. mFISH images were then analyzed using the ISIS

software from MetaSystems.

FLIM Measurements

Multiphoton fluorescence lifetime imaging of the chromosome samples was performed at the
Central Laser Facility (CLF) located at the Research Complex at Harwell, UK. The custom
set up has been previously described (SWB, J Microscopy, 2015, accepted for publication).
Briefly, a femtosecond Ti-sapphire laser operating at 76 MHz, 200 fs pulse lengths was tuned
to a wavelength of 760 nm for two-photon excitation of DAPI fluorescence. The use of
multiphoton excitation here allowed for instrument response function (IRF) of less than 45 ps
together with a micro-channel plate (MCP) photomultiplier tube (R3809U, Hamamatsu) as
the detector. This was necessary to detect small variation in the lifetime measurements
without the need for significant deconvolution of the data from the IRF. The samples were
placed on a Nikon TE2000 sample stage attached to a modified Nikon EC2 confocal
microscope and were raster-scanned with the laser through a x60 NA 1.2 water immersion
objective. The fluorescence from the sample was collected by the same objective but
bypassing the confocal optics and detected by a fast MCP-PMT detector through a short-pass
filter (BG39, Comar, UK). A time-correlated single photon counting (TCSP) FLIM module
(SPCM-830) from Becker & Hickl was used to record the arrival time of the photons at each

X,y scan position in a time-tagging, first-in first-out (FIFO) mode.

Data Analysis of Lifetime Images
The acquired fluorescence lifetime images (up to 512 x 512 pixels) were analyzed using the

SPCImage software (version 4.0.6). Each pixel of the acquired images contains a



fluorescence decay function of the DAPI lifetime. The measured decay function (Eq. 1) is a
convolution of the true decay function with the instrument response function (IRF). The
software uses a model function (Eq. 2), which can be a single or multi-exponential function,
to define the fluorescence decay function f(t) and convolutes it with the IRF. The result is
compared with the measured decay function. The parameters of the model function are varied
until the best fit with the measured decay function is obtained. The lifetime is then extracted

from the fitted function thus resulting in an image with a lifetime value per image pixel.

fm(t) = f(t)®R(t - ts) (1)
f(©) = XL ae i+ a, ()

where f,(t) is the measured fluorescence decay function, f(t) is the true fluorescence decay
function, R is the instrument response function, t; is the time shift between the response
function and the fluorescence, a; is the relative amplitude of the exponential component i, T; is

the lifetime of the exponential component i, and ao is a constant offset-correction.

Tables

Table 1. Lifetime values for the heteromorphic regions.

Chromosome # Mean Lifetime + SD, ns
1 2.58 £0.06
9a 2.38 £ 0.06
9b 2.21 £0.05
15 2.43 +£0.05
16 2.55+0.06
Y 2.58 £0.03

Table 2. Quantitative analysis of the heterochromatic blocks.
Distance*/Radius of Mean Lifetime +

Block#  Volume, um3

Nucleus SD, ns
1 8.04 0.91 2.58 £0.08
2 8.83 0.84 2.54+£0.06
3 0.16 0.77 2.44 +£0.03
4 0.63 0.71 2.21+£0.03
5 0.17 0.61 2.45+0.03
6 0.80 0.59 2.28 £0.03
7 1.90 0.54 2.56 £ 0.04
8 6.14 0.48 2.55+0.05
9 5.22 0.47 2.54+£0.06

*The distance corresponds to that between the center of mass (COM) of the nucleus and the
COM of the heterochromatic blocks.
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Figure 1. Variations in DAPI lifetime along the length of the chromosomes. Lifetime images
of a) a chromosome spread (scale bar = 10 pm) and b) an expanded image of the encircled
region in Figure la taken at a higher pixel resolution showing chromosomes 1 and 9 (scale
bar = 2 um). Figure 1b inset: normalized DAPI fluorescence decay curves at selected pixels
from the red, green, and blue regions in chromosome 9 in Figure 1b. The range of the lifetime
color scale runs from 2.50 ns (red) to 3.14 ns (blue), as shown.



b) Heteromorphic Regions
—— Rest of the Chromosomes

100
80
60

404

Frequency (arb. units)

20

T T 1

b T T T
20 22 24 26 28 30 32 34
Lifetime, ns

LR ¥

L0 *17mm

Figure 2. Identification of heteromorphic regions in chromosomes. a) Lifetime image of a
chromosome spread with arrows showing the heteromorphic regions (scale bar = 10 um) b)
Normalized lifetime distribution curves for the heteromorphic regions and the rest of the
chromosomes showing shorter DAPI lifetimes in the heteromorphic regions than in the rest of
the chromosomes. ¢) mFISH image of the measured chromosome spread. d) Karyotyping of
the chromosomes in Figures 2a and ¢ based on color.
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Figure 3. Mean fluorescence lifetime of DAPI for various chromosome 1’s and their
heteromorphic regions plotted against the area of the chromosomes. The error bars represent
the standard deviation. Thus, DAPI is sensitive to both general chromosome length
compactions as well as localized sub-chromosome condensation.

Figure 4. Selected focal planes from the z-stack of the lifetime images of a nucleus at a) -
0.50 pm, b) 0 um, and c¢) +0.50 um focus (scale bars = 5 um, see Supplementary Fig. 3 for all
the focal planes in the z-stack).



