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Physical interactions between distinct chromosomal genomic loci
are important for genomic functions including recombination and
gene expression, but the mechanisms by which these interactions
occur remain obscure. Using telomeric association as a model
system, we analyzed here the in vivo organization of chromosome
ends of haploid yeast cells during interphase. We separately labeled
most of the 32 subtelomeres and analyzed their positions both in
nuclear space and relative to three representative reference sub-
telomeres by high-throughput 3D microscopy and image process-
ing. We show that subtelomeres are positioned nonrandomly at the
nuclear periphery, depending on the genomic size of their chromo-
some arm, centromere attachment to the microtubule organizing
center (spindle pole body, SPB), and the volume of the nucleolus.
The distance of subtelomeres to the SPB increases consistently with
chromosome arm length up to ~300 kb; for larger arms the influence
of chromosome arm length is weaker, but the effect of the nucleolar
volume is stronger. Distances between pairs of subtelomeres also
exhibit arm-length dependence and suggest, together with
dynamic tracking experiments, that potential associations between
subtelomeres are unexpectedly infrequent and transient. Our
results suggest that interactions between subtelomeres are nonspe-
cific and instead governed by physical constraints, including chro-
mosome structure, attachment to the SPB, and nuclear crowding.

genome organization | telomeric foci | image analysis

he 3D organization of genes and chromosomes in nuclear

space plays an important role in genome replication, repair,
and regulation of gene expression (1-3). Chromosomes can fold,
form territories and loops, and interact with nuclear landmarks
such as nuclear pores, the lamina, or nucleoli. Loci at large
genomic distances along the same chromosome or on different
chromosomes can come into contact or spatial proximity (4). The
nature and extent of intrachromosomal and interchromosomal
associations remain to be deciphered in detail. Chromosome
configuration capture technologies allow mapping of interaction
frequencies in cross-linked cells (5, 6), whereas light microscopy
can be used to determine 3D distances and study the dynamics of
these interactions in individual living cells (7).

In some species, telomeres, the ends of chromosomes, are
believed to form clusters or foci and provide a model for trans-
associations of distant loci with potentially high functional
importance. In the malaria agent Plasmodium falciparum, telo-
meric foci could favor DNA recombination between variable
subtelomeric alleles and enhance the parasite’s ability to escape the
immune response (8). In the budding yeast Saccharomyces cer-
evisiae, evidence for clustering of the 32 telomeres in haploid cells
comes from the observation of a smaller number of foci, identified
using either a probe against subtelomeric Y’ sequences or the
fluorescently tagged protein Rapl, which binds to the repeated
(TGy.3) telomeric sequences (9-11). Spatial clustering of chro-
mosome ends is intimately linked to their anchoring to the nuclear
envelope (12-14). In this yeast, telomeric foci are proposed to
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promote transcriptional silencing by increasing the local concen-
tration of silencing proteins such as the Raplp binding partners
Sir3p and Sirdp, as described for specific subtelomeres (15).

Little is known about the chromosomal interactions thought to
underlie telomeric foci in budding yeast. In vitro, Rap1p can favor
interactions between distant regions and form DNA loops (16).
Raplp can also promote interactions between the single-strand
telomeric extension and the double-stranded TG, telomeric
repeats (17). Likewise, short hypoacetylated chromatin fibers
(208 bp) containing high concentrations of Sir3p are able to form
intrafiber connections, as well as some local interfiber connections
in vitro (18). However, there is no evidence that similar inter-
actions occur in vivo, where analyses are hampered by the high
genomic redundancy of subtelomeres (19). Recently, Rap1p-GFP
and Sir3p-GFP signals were observed to split and fuse within
1-5 min, suggesting that protein—protein associations are tran-
sient (20). Persistent associations of telomeres with Rap1p during
3-8 min were reported, despite the mobility of telomere Tel6R at
the nuclear periphery during the entire cell cycle (20, 21).

The telomeric composition of S. cerevisiae foci and the princi-
ples underlying it remain unknown. Specific interactions based on
sequence homology (counting Y’ sequences) were excluded (20).
Instead, preferential associations were observed between the
subtelomeres on the opposite ends of the same chromosome, for
two short chromosomes of equal arm lengths (<150 kb) (22). The
role of arm length similarity in subtelomere proximity was con-
firmed by chromosome arm exchange experiments (20, 22). It was
suggested that a subtelomeric sequence recognized by an
unidentified factor favored interactions between subtelomeres of
chromosome 6 (20). It remains unclear how these findings extend
to other chromosomes.

Here we analyze the 3D distances between 63 pairs of sub-
telomeres in populations of thousands of living yeast cells. We find
that genomic chromosomal arm length is a major determinant of
spatial distances and proximity of subtelomeres. The smallest
distances are found between subtelomeres on chromosome arms
of similar size, up to 300 kb. Our data indicate that the number of
subtelomeres within foci is very low and that possible interactions
are very transient (<30 s). Finally, we demonstrate that physical
constraints, including centromere anchoring and the nucleolar
mass, influence intranuclear positions of and associations between
subtelomeres.
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Results

To characterize associations and relative positions of S. cerevisiae
subtelomeres in vivo, we systematically analyzed distances between
pairs of differently labeled subtelomeres observed with 3D light
microscopy. Twenty-nine of 32 subtelomeres (i.e., 90%) were
labeled in green using 256 lacO repeats bound by lacI-GFP (23)
(Tables S1 and S2). Three reference subtelomeres were labeled in
red with 112 tetO repeats bound by tetR-mRFP (24). These were
chosen on chromosome arms of representative sizes, considering
that S. cerevisiae chromosome arms range from 80 kb to 1,050 kb:
Tel6R (122 kb; short), Tel10R (310 kb; medium), and Tel4R (1,050
kb; long). Each reference strain was then mated with the collection
of green-labeled subtelomeres and sporulated, resulting in 63
haploid strains carrying two differentially labeled subtelomeres.
After 3D imaging by confocal spinning disk microscopy, we com-
puted the 3D distances between pairs of loci inz > 500 cells for each
strain, using specifically designed software (Materials and Methods).

Chromosome Arm Length Determines Distances Between Subtelomeres.
We first analyzed the median distance of each reference sub-
telomere to the other subtelomeres as a function of its chromosome
arm length (Fig. 1). Our data reveal a very clear and consistent
dependence of the median distance with chromosome arm length:
for both Tel6R and Tell10R (short and medium arms), the median
distance to other subtelomeres increases with the length of their
chromosome arm from 0.9 pm to 1.3 pm, whereas for Tel4R (long
arm), this trend is reversed. We fitted these relationships using
linear regression and performed change points analyses to detect
points where the slope of regression changes (Materials and Meth-
ods), ignoring only subtelomeric pairs from the same chromosome.
For both Tel6R and Tel4R, a change point was detected for arms
near 310 kb [95% confidence intervals (CI), 266-326 kb and 266—
394 kb, respectively]. In contrast, no change point was detected for
the medium-arm subtelomere TellOR. For this subtelomere,
median distances increase regularly with and are well predicted by
chromosome arm length, with a slope of 0.4 nm/kb and a high
regression coefficient, R?=10.78. For Tel6R, R> = 0.91 and a slope
of 0.9 nm/kb for arms <310 kb indicates that, up to this size, median
distances are very accurately predicted by and rapidly increase with
chromosome arm length (Fig. 14). At the opposite, for Tel4R,
median distances <310 kb decrease with a negative slope of
—0.4 nm/kb, but the correlation is much weaker (R” = 0.25). Both
for Tel6R and Tel4R, median distances increase only slightly for
chromosome arms beyond 310 kb (slope 0.2 nm/kb), with medium
and poor correlation, respectively (R* = 0.55 and R* = 0.25).

For Tel6R and Tel10R, the smallest computed median distance
corresponded to the subtelomere on the other end of the same
chromosome and was significantly smaller than the distance to
subtelomeres on other chromosomes of similar arm lengths
(Tel6R: 0.6pm, SD = 0.35 pm; TellOR: 0.9 pm, SD = 0.45 pm)
(orange dots, Fig. 1 A and B). Our data agree with previous re-
ports on Tel6R and Tel6L (20, 22). In contrast, for Tel4R the

median distance to Tel4L was similar to the distance with sub-
telomeres on other chromosome arms of similar lengths (Fig. 1C).

Small Distances Between Pairs of Subtelomeres Are Infrequent in
Vivo. The median distances reported above range from 0.9 pm to
1.3 pm. Such distances clearly exclude systematic physical inter-
actions between subtelomeres. However, because median dis-
tances may not reflect transient interactions between subtelomere
pairs in telomeric foci, we analyzed the frequency of small dis-
tances consistent with such interactions.

Locus positions computed from the images naturally suffer from
random measurement errors, due to image noise and motion,
leading to an overestimation of most distances and blurring of
distance distributions. To quantify this, we used cells in which an
array of tet operators is bound by both tetR-GFP and tetR-mRFP
and computed the distance between the green and red fluo-
rescence spots. The median and 95% percentile distances were 70
nm and ~250 nm, respectively, confirming the method’s ability to
detect distances between differently labeled loci below the opti-
cal resolution (Fig. S1). We examined the frequency of cells in
which measured 3D distances were <250 nm (Fig. 1). These fre-
quencies ranged from 0.3% to 4%, except for the pair Tel6R-
Tel6L (9.4%), with median values of 1-1.5%. The frequencies also
correlated with chromosome arm length, with trends reversed
from the median distances (Fig. 1). If subtelomeres were always
physically associated to the same subtelomere, the frequencies
should be ~95% for at least some of the pairs (although data on
7-13 of the 31 subtelomere pairs were lacking for each reference
subtelomere, the probability that stably associated pair were
missed is <3% if foci contain four or more subtelomeres).
Therefore, constant association of subtelomeres in four to eight
foci can be ruled out. If subtelomeres were randomly associated to
other subtelomeres, within 16, 8, or 4 foci, constant frequencies of
association to the reference subtelomere at 3.2%, 9.7%, or 22.6%
(10f31,30f31,0r70f 31) are expected, respectively (Fig. 1). Thus,
our data are also incompatible with completely random associa-
tions. Furthermore, the rather low frequency of small distances
suggests that subtelomeres are mostly found in isolation and not in
foci composed of multiple subtelomeres in physical contact. This
stands in contrast to what was reported on the basis of detection of
Y’ probes by in situ hybridization in fixed cells (9, 13). To deter-
mine whether fixation artifacts can explain this discrepancy, we
measured distances between the pair Tel6R-Tel4R on cells trea-
ted with standard fixation conditions. Our data indicate that
median 3D distances were reduced by 30% compared with the
living cells, whereas probabilities for distances <250 nm increased
by 45% (Fig. 2). We conclude that fixation, by diminishing spatial
distances, might lead to an overestimation of the number of sub-
telomeres per focus and suggest that in living cells, potential
contacts between subtelomeres are more loose and/or transient.

Subtelomere Associations Are Rapid and Infrequent. To test this, we
monitored the dynamics of individual subtelomeres by real-time
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indicated by solid lines, are as follows, where L is the arm length

in kilobases: MDrejgr = 0.83 + 9.3 1074 x L pm, for L < 310 kb, R =0.91 and MDregr = 1.1 + 1.8 10™# x L pm, for L > 310 kb, R? = 0.55; MDrej1or = 0.99 + 3.9 107 x L
pm, R? = 0.78 and MDrgir = 1.29-4.3 10~ x L pm, for L < 326 kb, R? = 0.25 and MDreiar = 0.97 + 2.0 107 x L um, for L > 326 kb, R? = 0.25. Horizontal dashed lines
represent the theoretical frequencies for subtelomeres with equi-probable associations for 16 (bottom line) or 8 (upper line) foci.
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Fig. 2. Fixation reduces distances between subtelomeres. Box plots for 3D
distances between Tel6R andTel4R (short-long arm), labeled in green and
red, respectively. Two independent experiments both in living cells (Left)
and fixed cells (Right) are shown. The median is represented by a dark line,
the box represents the interquartile range, and whiskers the data range
(except for outliers, shown as open circles). N, number of cells analyzed.

imaging. We tracked subtelomere pairs in 3D movies in 2400 to
~1,000 nuclei over 5.4 min (8.1-s intervals between consecutive 3D
stacks; Materials and Methods). We chose four pairs according to
armlength: Tel6R-Tel3L (short-short), Tel4R-Tel15R and Tel4R-
Tell3R (long-long), and Tel6R-Tel4R (short-long). To find
potential interactions, we defined a run as a set of consecutive
frames during which the pairwise distance was consistently <600
nm. This large value was chosen conservatively so as not to miss any
possible interactions and on the basis of estimated size of Raplp
foci (ST Materials and Methods). We defined a “stable association” as
arun persisting >60 s and a “frequent association” as a high number
(>10) of shorter runs (Table 1 and Fig. S2). As a positive control,
we used a strain carrying the tetO and lacO arrays located 15.7 kb
apart. On this strain, we found stable (maximum run length:
mean=196.8 s, SD = 88.7s) and frequent associations (35.5 runs,
SD = 5.2), confirming the ability of our method to detect potential
stable interactions between pairs of loci. As a negative control, we
used the pair Tell6R-URA3. Because URA3J is located at the
nuclear center (25), these two loci are unlikely to frequently asso-
ciate. Consistently, we found only a small number (5.3, SD = 7.5) of
rather short runs (18.6 s, SD = 28). All of the subtelomeres pairs

Table 1. Dynamic analyses of pair-wise subtelomere distances
6R-3L 4R-13R 4R-15R 6R-4R
Parameter 6R-2loci 16R-URA3 (S-S) (L-L) (L-L) (S-L)

Total run length

Frames
Mean 35.5 5.3 8.7 7.3 7.9 33
SD 5.2 7.5 9.9 9.1 9.6 6.1
Seconds
Mean 287.7 42.8 703 593 637 264
SD 42.3 60.4 80.2 739 77.7 4938
Maximum run length
Frames
Mean 24.3 2.3 3.9 2.9 3.7 1.5
SD 10.9 3.5 5.2 3.9 5.1 2.9
Seconds
Mean 196.8 18.6 315 238 296 124
SD 88.7 28 423 314 415 237

Cells were visualized for 5.4 min in the two channels (100-ms illumination per
frame, 40 consecutive stacks). Arrays of lac and tet operators were inserted 15.7
kb apart (6R-2loci), between a subtelomere and a central region (16R-URA3) or
between two subtelomeres from short (S) or long (L) chromosome arms. 4R, 15R
contain Y’ sequences. A run is defined as a set of consecutive frames for which
the distance between two labeled loci is <600 nm. The number of runs during the
duration of the experiment indicates the frequency of a possible interaction,
whereas stability is indicated by the maximum run length.

Therizols et al.

monitored behave close to the negative control (3.3-8.7 runs, 12.4—
31.5s), although potential interactions were slightly more frequent
and stable for subtelomeres on arms of similar lengths, especially if
short (short-short or long—long; Table 1). Thus, these subtelomeres
cannot interact often, and interactions, if any, occur for short peri-
ods of time.

Subtelomere Focus Composition from Statistical Clustering. What is
the number and identity of telomeres in foci resulting from
potential transient interactions? Differential labeling of all telo-
meres could in principle provide direct answers, but is technically
unfeasible. Instead, we attempt to determine the composition of
foci containing one of the reference subtelomeres (hereafter
called “reference focus”) by assuming that distances between
different pairs measured in distinct cells are statistically inde-
pendent. For each pair of labeled subtelomeres, one random
sample was taken from the corresponding ~500 measured dis-
tances and assigned to a virtual nucleus, and this procedure was
repeated 100,000 times (SI Materials and Methods; Fig. S3). If one
or more subtelomeres belong to a reference focus, the distances
between these subtelomeres and the reference one should be
small (<600 nm; see above) and more similar to one another than
to distances between the reference subtelomere and other sub-
telomeres. We used statistical cluster analysis to define clusters of
subtelomere pairs of similar distances (separately for each of the
three reference subtelomeres and in each virtual nucleus) and
computed the probability that a given labeled subtelomere
belongs to a reference focus, independently or concomitantly with
other subtelomeres (SI Materials and Methods and Table S3). We
find that probabilities for a given subtelomere to be inside one of
the three reference foci range from 1% to 15%, and that these
probabilities increase with arm length for Tel6R (short) and
Tell0R (medium) but decrease for Tel4R (long). This arm length
dependence cannot result from the randomization procedure and
indicates that subtelomeres with similar arm lengths are more
likely to share a focus than subtelomeres on arms of different
sizes. Thus the composition of potential foci is not entirely ran-
dom. The estimated average number of subtelomeres in reference
foci was ~3.2-3.6 (3.6 + 1.7, 3.2 +£ 2.55, and 3.5 + 1.55 for Tel6R,
Tell0R, and Tel4R, respectively). These values are smaller than
estimated previously, based alone on the number of observed foci
(for 4-8 foci, this average should be 4-8 (32/8, 32/4) if all sub-
telomeres are inside a focus) (9) and further suggest that inter-
actions between subtelomeres are rare.

Arm Length Influences Intranuclear Subtelomere Positions. We next
asked whether the observed differences in relative subtelomere
positions are related to nonrandom positioning of chromosome
ends in nuclear space. For this purpose, we analyzed 11 sub-
telomeres using a computational method that maps the position
of individual loci in thousands of nuclei oriented according to the
position of the nucleolus (25). All 11 subtelomeres concentrated
into probabilities territories (25), much smaller than the nucleus
(Fig. 34). These territories were located near the nuclear edge, as
expected (14, 22, 26), but exhibited different distributions of the
angle o with the axis joining the nuclear center and the nucleolar
centroid (Fig. 34). The median « increased linearly with chro-
mosome arm length up to ~300 kb (from 47.8° to 72.1°% Fig. 3B).
Thus subtelomeres on shorter chromosome arms are closer to the
expected position of the spindle pole body (SPB) opposite the
nucleolus (25), whereas subtelomeres on longer arms move closer
to the nucleolus (Fig. 3C). Beyond a change point located
between 157 kb and 310 kb (95% CI), the median « no longer
depends on arm length and remains approximately constant, at
~70°. Thus the position of subtelomeres at the nuclear edge is not
random and extends further from the SPB as arm size increases
for short to middle chromosome arms.
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Delocalization of Centromeres and Nucleolar Size Affect Distances
Between Subtelomeres. What causes the observed dependence of
intranuclear subtelomere positions on chromosome arm length?
A plausible explanation is that chromosomes are attached to the
SPB at their centromeres via microtubules (27). We perturbed this
attachment by depolymerization of microtubules through addition
of nocodazole (Materials and Methods). The efficiency of the drug
was tested by monitoring the microtubule protein a-tubulin Tublp
(28). We found that the position of a tetO centromere was dis-
placed from a median a = 42.6° (SD = 1.9°) toa = 52.6°, (SD = 3.9%
Fig. S4). In presence of the drug, the subtelomere of a 85-kb arm
subtelomere (Tel9R) was less peripheral (median radial distance
R = 0.88 pm, vs. R = 0.94 pm in control; Wilcoxon test, P < 107'¢)
and gene territories differ (2D x test, P < 107'¢) (25). In contrast,
radial distances for subtelomeres of a 310-kb arm (Tell0R) and a
1,050-kb arm (Tel4R) were unchanged (for TellOR, R = 0.97 pm;
R control = 0.96 pm, P = 0.056 and for Tel4R, R = 0.90 pm; R
control = 0.92 pm, P = 0.23) and gene territories differ moderately
(2D y»* test, P = 0.009 and P = 1.5 1077 for TellOR and Tel4R,
respectively; Fig. 44). Nocodazole significantly increased median
distances for Tel6R-Tel3L (short-short) from 0.9 pm to 1.1 pm
(Wilcoxon test, P < 107°) but not for Tel6R-Tel4R (short-long;
1.22 pm to 1.24 pm, P = 0.074) (Fig. 4B).

We likewise hypothesized that arms longer than ~300 kb are
prevented from extending further away from the SPB by the dense
mass of the nucleolus. To test this, we exposed cells to rapamycin,
an inhibitor of polll-dependendent ribosomal gene transcription
(29). In the presence of rapamycin, the nuclear volume remained
unchanged, but the nucleolar volume was reproducibly halved
(Table S4). Subtelomeres again remained peripheral (Fig. 4C),

2028 | www.pnas.org/cgi/doi/10.1073/pnas.0914187107
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with the horizontal axis. Dashed vertical and gray areas are
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but the median a increased by 12-15% for medium and long arms
(TellOR, TelllL, Tell3R, and Tel4R) and by 6-10% for short
arms (Tel9R and Tel6R; Fig. 4D). Consistently, median distances
between Tel6R and Tel3L and between Tel6R and Tel4dR
increased significantly, from 0.9 pm to 1.1 pm and from 1.3 pm to
1.4 um, respectively (Wilcoxon test, P < 107 for both; Fig. 4E).

Discussion

We have analyzed the intranuclear positions of 11 subtelomeres
and the distributions of distances between 63 pairs of sub-
telomeres in ~60,000 living yeast cells both in normal conditions
and in experiments in which nuclear constraints were altered.
Our results have strong implications for the nuclear organization
of chromosomes and telomeric foci.

Nuclear Organization of Chromosomes. The principles that govern
chromosome organization in interphase are largely unknown. In S.
cerevisiae, centromeres form ring-like clusters close to the SPB (27),
and several subtelomeres are positioned close to the periphery (26)
via nuclear envelope factors including nuclear pore components
(12, 14, 30). Here, by determining the positions of 11 subtelomeres,
including 6 new ones, we establish that localization of chromosome
ends close to the nuclear envelope is a general rule in budding yeast.
Importantly, our work adds a dimension to subtelomere positioning
by defining an orientation for each nucleus, allowing us to map their
locations both in radius and angle from the SPB-nucleolar axis. We
found that the length of chromosome arms strongly determines the
angular distributions of subtelomeres (Fig. 5).

The consistent increase in subtelomere angle with arm lengths
up to ~300 kb strongly indicates that the compaction and flexi-
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Fig. 4. SPB—centromere link influences subtelomere—subtelomere distances,
whereas nucleolar volume limits subtelomere positioning and increases
subtelomere-subtelomere distances. (A) Localization probability maps for
subtelomeres from a short arm (Tel9R), a middle arm (Tel10R), and a long
arm (Tel4R). The size in kilobases of the respective arms is indicated between
brackets. Maps are displayed as in Fig. 3. (B) Box plots (as in Fig. 2) for
pairwise distances in the absence or presence of nocodazole (+noco) for
subtelomere pairs Tel6R-Tel3L (short-short) and Tel6R-TeldR (short-long).
(C) Probability maps for subtelomeres of short arms (left) or long arms
(right). Cells were either grown without rapamycin (control) or in the pres-
ence of rapamycin (+rapa) for 20 min. The size of the nucleolus is reduced in
the presence of rapamycin (quantified in Table S4). (D) Median polar angle
vs. chromosome arm length, as in Fig. 3. Median polar angles in the absence
(red triangles) or presence (black circles) of rapamycin plotted as a function
of chromosome arm size. A change point of similar value and Cl is found in
both conditions. (E) Box plots for pairwise distances in the absence or
presence of rapamycin (+rapa) for subtelomere pairs Tel6R-Tel3L (short-
short) and Tel6R-Tel4R (short-long).

bility of the chromatin prevent short chromosome arms from
exploring the entire nucleoplasm and instead confine them to a
territory close to the SPB. Although the compaction and flexibility
of interphase chromosomes are not known with certainty, pre-
viously reported values are consistent with this notion [e.g., with a
compaction of ~100 bp/nm and a persistence length of ~200 nm
(31), or with more recent estimates of 18-36 bp/nm and 66-134
nm (32), the mean end-to-end distance of a 300-kb chromosome
arm as predicted by a worm-like chain model is between ~750 and
1,500 nm, i.e., smaller than the nuclear diameter]. This also agrees
with our observation that the distance of gene territories to the
SPB increases with genomic distance from the centromere (25).
Consistent with an influence of the SPB-centromere link on
chromosome end positioning, interference with microtubules by
nocodazole reduced the peripheral confinement of a short arm
subtelomere. Despite this delocalization, subtelomeres still
remained confined to a small region of the nucleoplasm, pre-
sumably because the ~15-min nocodazole treatment was insuffi-
cient to entirely disrupt the microtubule link.

Increases in arm length beyond 300 kb did not noticeably affect
positioning of subtelomeres, which remained excluded from the
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Fig. 5. Chromosome organization model in the yeast nucleus. The SPB (rec-
tangle), embedded in the double nuclear envelope (circle), forms a central axis
(dotted line) with the centroid (cross) of the nucleolus (gray crescent). Nuclear
microtubules (three are shown for simplicity) emanate from the SPB and bind
to the centromeric kinetochores (black dots). The length of chromosome arms
determines the angular distribution of subtelomeres, with those of smaller
arms (<~300 kb) (light gray) mostly restricted to the vicinity of the SPB (shaded
light gray), whereas subtelomeres of longer arms (dark gray) are mostly
excluded from this region, extend further away, and are closer to the nucleolus
(shaded dark gray).

nucleolar volume, suggesting that the dense nucleolus provides a
physical barrier to these chromosomes. We anticipated and
verified that reducing the nucleolar volume by rapamycin allowed
subtelomeres on long arms to extend further away from the SPB.
The stronger effect of nucleolus size on long arm subtelomeres is
expected if these arms are more frequently in contact with the
nucleolus, whereas the smaller but noticeable effect on smaller
chromosome arm subtelomeres could arise from nuclear crowd-
ing; compression of the genomic mass by the nucleolar volume is
only partially transmitted to the shorter arms, not directly in
contact with it, via the longer arms located in between.

Organization of Subtelomeric Foci. The principles of chromosome
organization we have defined here have important consequences
on the understanding of subtelomeric foci composition and for-
mation. Observation of telomere-bound protein Raplp (9, 20) led
to the current view that the 32 telomeres of haploid yeast cells are
contained in 4-8 Rapl foci. Here, we show by analyzing 3D dis-
tances for 63 pairs of subtelomeres at small distances, below the
diffraction limit, that the physical constraints described above
largely determine the proximities of subtelomeres. Importantly,
the observation that relative positions of subtelomeres are
strongly determined by arm length eliminates a completely ran-
dom equi-probable association of subtelomeres, and our data also
rule out deterministic foci composition.

What do we learn about interactions between chromosome ends
inside a focus? The low frequency of small distances (from 0.3% to
4%) and our statistical clustering analysis indicated that subtelomeric
foci contain fewer subtelomeres than inferred from earlier studies of
Rapl1 (9). Furthermore, our dynamic data show only very transient
(<30 s) potential associations between subtelomeres, indicating that
physical interactions inside a focus are rare. This observation is
compatible with a model whereby silencing proteins from a given
subtelomere nucleate and attract other silencing proteins, as shown
in vitro (33, 34). Distances between subtelomeres in living cells are
actually larger than those observed in fixed cells, suggesting that
fixation conditions enhance protein—protein interactions.

Why does Rap1 staining give rise to four to eight foci, when in fact
subtelomeres are mostly not clustered? The limited resolution and
signal-to-noise ratio of Rapl images is one possible explanation,
because subtelomeres several hundreds of nanometers apart may
appear to be in the same fluorescent spot, whereas individual sub-
telomeres may have insufficient Rap1 signal to be detected. It is also
possible that some Rap1p foci are devoid of telomeres, as suggested
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previously (10). Alternatively, we cannot exclude that the tattoos
inserted between 1.1 kb and 22.2 kb from telomeres do not accurately
indicate the position of the very tip of chromosomes, where Rapl is
localized. The experimental system, based on bacterial arrays, might
also modify local chromatin structure, although these insertions do
not abolish subtelomeric silencing and colocalization with Rapl-
GFP foci or Y’ FISH (13, 20, 35). Importantly, our observations are
not incompatible with the previously described constrained move-
ment of a subtelomere at the nuclear envelope (21). They fur-
thermore imply that more stable associations are not favored,
perhaps because they would hamper harmonious cell division.

Functional and Evolutionary Considerations. The genomic organ-
ization described here confirms earlier observations on recombi-
nation frequencies. Cre/loxP site-specific recombination was used
to characterize the probabilities of interactions between pairs of
genomic loci (36). Recombination rates between loxP sites were
observed to decrease with increasing difference between their
genomic distance to the centromere, up to 170 kb, the largest
genomic distance tested. Our data are in accordance with these
observations, because subtelomeres tend to be closer when their
arms have comparable lengths, thereby likely increasing their
interaction frequencies. Our data allow predictions of recombi-
nation rates for loci at larger genomic distances; for instance,
recombination rates between sites at equal distances from the
centromere are predicted to be roughly constant beyond 300 kb.

The evolutionary advantages given by the chromosome
organization described here remain to be understood. We spec-
ulate that a driving selection existed for organizing principles, like
nuclear anchoring systems. Recent work on human chromosome
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organization suggests that associations with the nuclear periphery
are not entirely random (37). Constraints similar to the ones
observed in this work are, therefore, likely to be universal.

Materials and Methods

Growth, Live Imaging, and Image Analysis. Live growth conditions and
imaging were performed as described previously (14, 25) and as detailed in
SI Materials and Methods. Images were analyzed by the nucloc software
(25), modified to display probability maps as percentiles using a kernel
density estimate (38), and extended to allow detection and tracking of pairs
of differentially labeled loci. 3D distances were computed after correction
for chromatic aberrations (see SI Materials and Methods).

Change Point Analyses. This statistical analysis method allowed searching for
transitions in the regression analyses (39). The optimal number of change
points is determined according to the derivatives of the Bayesian informa-
tion criterion, and a regression relationship is fitted in each of the segments
induced by the change points.

Hierarchical Clustering. The probabilistic composition of a focus, the average
radius, and number of subtelomeres in a focus were established using
hierarchical clustering (39, 40), detailed in S/ Materials and Methods.
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