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The mechanism for transcriptional silencing of pericentric heterochromatin is conserved from fission yeast
to mammals. Silenced genome regions are marked by epigenetic methylation of histone H3, which serves as a
binding site for structural heterochromatin proteins. In the fission yeast Schizosaccharomyces pombe, the major
structural heterochromatin protein is Swi6. To gain insight into Swi6 function in vivo, we have studied its
dynamics in the nucleus of living yeast. We demonstrate that, in contrast to mammalian cells, yeast hetero-
chromatin domains undergo rapid, large-scale motions within the nucleus. Similar to the situation in mam-
malian cells, Swi6 does not permanently associate with these chromatin domains but binds only transiently to
euchromatin and heterochromatin. Swi6 binding dynamics are dependent on growth status and on the
silencing factors Clr4 and Rik1, but not Clrl, Clr2, or Clr3. By comparing the kinetics of mutant Swi6 proteins
in swi6~ and swi6™ strains, we demonstrate that homotypic protein-protein interactions via the chromoshadow
domain stabilize Swi6é binding to chromatin in vivo. Kinetic modeling allowed quantitative estimation of
residence times and indicated the existence of at least two kinetically distinct populations of Swi6 in hetero-
chromatin. The observed dynamics of Swi6 binding are consistent with a stochastic model of heterochromatin
and indicate evolutionary conservation of heterochromatin protein binding properties from mammals to yeast.

In eukaryotic cells, genomes exist in the form of chromatin.
Morphological studies have described two major types of chro-
matin: euchromatin corresponds to loosely packed chromatin,
where most active genes are transcribed, whereas heterochro-
matin consists of condensed, predominantly transcriptionally
repressed chromatin (48). Heterochromatin is molecularly
characterized by a high density of nucleosomes containing hi-
stone H3 methylated on lysine 9 (H3-K9) (5, 27). In humans,
H3-K9 methylation is mediated by methyltransferases Suv39h1
and Suv39h2 (43). The presence of methylated H3-K9 creates
a specific binding site for one of the major heterochromatin
proteins, HP1 (heterochromatin protein 1) (5, 27, 37, 43). HP1
was originally identified in Drosophila melanogaster as a sup-
pressor of variegation, and it has been shown to modify mam-
malian position effect variegation in a dose-dependent manner
(11, 19). The role of HP1 does not appear to be limited to
heterochromatin since HP1 also represses, and in some cases
activates, euchromatic genes (24, 28). Consistent with its pri-
mary role in the formation and maintenance of heterochroma-
tin, HP1 is predominantly localized in heterochromatin do-
mains (12, 33).

The system of repression involving methylation of H3-K9 as
a mark which is recognized by a structural chromatin protein is
conserved from mammalian cells to Schizosaccharomyces
pombe. The fission yeast homologues of Suv3%h and HP1 are
Clr4 and Swib6, respectively (25, 30, 47). Swi6 binds to three
transcriptionally silent heterochromatic regions, the mating
type loci, telomeres, and centromeres (20, 23), all of which
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have a high concentration of H3-K9 methylation (37, 41). Both
Clr4 and Swi6 are essential for maintaining transcriptional
silencing and chromatin organization in these regions (2, 16,
17, 30). Similar to mammalian cells, fission yeast cells lacking
Clr4 or Swi6 have disrupted heterochromatin and exhibit chro-
mosome segregation defects (16). Swib is also involved in cen-
tromere function and recruitment of cohesin to heterochroma-
tin regions and is required for proper cohesion of centromeres
during mitosis (6, 42). Like all mammalian HP1 homologues,
Swi6 is composed of a chromodomain (CD) and a chro-
moshadow domain (CSD), separated by a hinge region (15,
54). In vitro, the CD interacts directly with the trimethylated
H3-KO9 histone tail (26, 40), and its function is conserved from
S. pombe to mammals (5, 54). The CSD is a protein-protein
interaction domain and has been implicated in the formation
of HP1 dimers as well as in mediating interactions with HP1
binding proteins, such as LBR, KAP1, CAFI1, Suv39, and
BRG1 (7, 13, 36, 38, 39, 49, 55, 56).

The structural hallmark of heterochromatin is the high de-
gree of chromatin condensation. The ability of HP1/Swi6 to
form oligomers has led to a model in which HP1/Swi6 confers
and maintains a condensed heterochromatin state by forming
stable interactions between nucleosomes (5, 15). Conse-
quently, chromatin becomes compacted and access of regula-
tory factors to chromatin sequences is reduced or prevented
altogether. Heterochromatic HP1/Swib6 is also instrumental in
the propagation of the heterochromatin state by recruiting
Suvar39h/Clr4 to existing heterochromatin regions, thus facil-
itating the methylation of adjacent regions (5). This implicitly
static model for heterochromatin has recently been questioned
by in vivo studies using mammalian cells (10, 18). Observations
in living cells indicate that HP1 is a highly mobile protein and
that HP1 binds only transiently to chromatin in vivo despite its
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role in maintenance of stable heterochromatin domains (10,
18). To ask whether the dynamic aspects of heterochromatin
proteins are evolutionarily conserved and to gain further in-
sight into the molecular mechanisms of heterochromatin for-
mation, we have here investigated the dynamics of heterochro-
matin domains and of Swi6 binding in living yeast cells.

MATERIALS AND METHODS

Yeast strains and growth. We used yeast strains ALI1L (swi6~; h90 swi6::ura4
ura4-D18 leul-32 ade6-704), SP557 (swi6™; h90 ura4-D18 leul-32 ade6) (54),
EG338 (h90 rik1-304 ura4-D18 leul-32) (14), PG438 [mat3-M(EcoRV):ura4]
clr1-5 ura4-D18 leul-32 (ade6-216) (53), KE78 (h90 clr2-E22 ura4 ade6- M216),
KES81 (h90 clr3-E36 ade6-M216), and KE108 (h90 clr4-S5 ura4 ade6-M216) (17).
All strains were haploid. Fission yeasts were maintained on Edinburgh minimal
medium (EMM) with appropriate supplements and transformed according to a
standard protocol (35). Plasmids for expression of green fluorescent protein
(GFP)-wild-type Swi6 (Swi6-WT; both N- and C-terminal fusions), GFP-
Swi6ACD, and GFP-Swi6ACSD (N-terminal GFP fusion) were constructed as
described previously (54) in the pRepl expression vector (32). Repression of the
nmtl promoter was maintained with 0.4 pg of thiamine/ml. For microscopy yeast
strains were grown in liquid EMM at 28°C; cells in exponential phase were
observed 20 h after removal of thiamine. Experiments were carried out at an
optical density at 600 nm (ODgq,) of ~1.5, when most daughter cells were not
fully separated and the average length of cells was ~9 um. In exponential phase,
microscopy was performed only when the two daughter cells were not fully
segregated. Cells in stationary phase and spores were observed after 3 days of
incubation at an ODyy of over 2, when the shape of cells was more spheroid than
in exponential phase and their length was about 6 um. For microscopy, 2 ul of
cell suspension was spread between the coverslide and coverslip. Samples were
observed at room temperature (28°C) for no longer than 20 min.

Time-lapse microcopy and FRAP. Live-cell microscopy and fluorescence re-
covery after photobleaching (FRAP) were performed as previously described on
a Zeiss LSM 510 confocal microscope using the 488-nm line of an argon laser
(10). For time-lapse microscopy, stacks of images (256 by 63 pixels) were re-
corded at maximum speed (64 ms per image, one iteration) with a Z-step of 0.2
to 0.3 pm (20 sections) every minute. Displacements of heterochromatin do-
mains between two stacks were measured with Zeiss LSM 510 software. For
high-frequency acquisition, time-lapse microscopy was performed by collecting
single two-dimensional images (64 ms, one iteration) every 1.5 s. To calculate the
motion of heterochromatin domains over time, we measured the displacement of
single heterochromatin domains at several time points along the trajectory.

FRAP on fission yeast was performed by using a 0.5-pm spot bleach with a
triple bleach pulse of 64 ms. Bleaching occurred after 15 prebleach images, and
60 images (256 by 63 pixels, one iteration) were collected after the bleach. For
heterochromatin recovery measurements were performed only in the bright spots
corresponding to heterochromatin. FRAP normalization was performed by mea-
suring the intensity in the bleach area (B), unbleached area (U), and background
(bg). Values displayed in recovery curves (R) are double normalized by R,, = (B
— bg)/(U — bg), where R = R,/R, (R, is the R, value corresponding to pre-
bleach). For each condition, at least 30 individual recovery curves were collected
from three or more independent experiments. Statistical analyses were per-
formed using a standard ¢ test.

Kinetic modeling. Several hypotheses were formulated to describe the binding
of Swi6 to chromatin as described in Results. Each hypothesis was mathemati-
cally described by a system of differential equations constructed using principles
of mass action kinetics. As part of the analysis, it was assumed that the nucleus
is a well-mixed compartment and that endogenous and GFP-tagged Swi6 mole-
cules behave similarly. In addition, pseudo-first-order kinetics were assumed,
where the number of binding sites is in excess of the number of Swi6 molecules.
This assumption is supported by the lack of a correlation between the number of
Swi6 molecules localized in heterochromatin and the observed mobility (see Fig.
S1 in the supplemental material).

To directly compare the solution of a model to the experimental data, the
FRAP experiment was simulated in silico. The full description of the model and
equations are given in the supplemental material. All models were implemented
and solved numerically in Berkeley Madonna. The models were fitted against the
data with the curve-fitting algorithm in Berkeley Madonna software using least-
squares regression analysis.
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RESULTS

Dynamics of heterochromatin domains in vive. To study
Swi6 in living fission yeast, we used a swi6 null strain expressing
GFP-Swi6 under the control of a thiamine-repressible pro-
moter. The fusion protein has previously been shown to be
functional and to fully complement the phenotype of a swi6
null strain as assayed by sporulation frequency, formation of
normal asci, and ability to maintain linear minichromosomes
(54).

Pericentric heterochromatin regions have previously been
shown to be positionally stable within the nuclei of mammalian
cells (10). To directly compare the dynamic behavior of het-
erochromatin domains in yeast and mammals, we performed
time-lapse microscopy on exponentially growing yeast cells ex-
pressing GFP-Swi6 as a marker for heterochromatin (Fig. 1).
GFP-Swi6 accumulates in fission yeast in heterochromatin in
the form of two to six bright foci, with most of the cells con-
taining three foci. For the purpose of this study, we defined
these bright GFP-Swi6 foci as heterochromatin, whereas eu-
chromatin was defined as the rest of the nucleus. Time-lapse
microscopy with high-frequency acquisition was performed to
monitor the movement of heterochromatin domains (Fig. 1).
We found that heterochromatin regions were highly mobile
within the S. pombe nucleus and underwent extensive transla-
tional motion as previously shown (Fig. 1A) (46). To quanti-
tatively estimate the motion of heterochromatin domains, we
traced the trajectory of single heterochromatin domains over
time. During exponential growth, heterochromatin domains
moved on average 660 = 270 nm/min. Single heterochromatin
domains were often seen to traverse the entire nuclear volume
in an almost uniform movement within less than 1 min (Fig.
1A). As previously shown for budding yeast, the mobility of
chromatin loci depends on the growth status of the cell (22).
When S. pombe cells in stationary phase were analyzed, it was
found that the mobility of heterochromatin domains was sig-
nificantly decreased and only limited, locally confined motion
was observed (Fig. 1B). The reduction in heterochromatin
domain mobility was not due to a global increase in nuclear
viscosity due to growth arrest since the diffusion of a soluble
marker protein (GFP alone) in stationary phase was unaffected
(data not shown). Similarly, the reduction of heterochromatin
velocity between stationary phase and exponential phase was
not due to a reduction of nucleus size since the fission yeast
nucleus diameter measures 1.84 = 0.18 wm in exponentially
growing cells and 1.88 * 0.09 wm in stationary cells (Fig. 1).
These results indicate that, although heterochromatin domains
are structurally stable in fission yeast, they are, in contrast to
those in mammalian cells, positionally highly mobile and their
mobility is strongly dependent on the growth status of the cell.

Dynamics of Swi6é binding in vive. To study the binding of
Swi6 to chromatin inside the living fission yeast nucleus, we
performed FRAP on yeast expressing GFP-Swi6. In FRAP
experiments a region in either heterochromatin or euchroma-
tin was irreversibly bleached by a short laser pulse of appro-
priate wavelength and the recovery of fluorescence signal as a
function of time was measured. For chromatin proteins, the
recovery kinetics are a direct indicator of the protein’s ability
to bind to chromatin (34, 44, 45). To accommodate the small
size of the yeast nucleus and the very small size of the yeast
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FIG. 1. Time-lapse microscopy of GFP-Swi6. Optical sections were taken from movies collected at the indicated times from yeast growing in
exponential phase (A) and stationary phase (B). Heterochromatin domains are highly mobile in the exponential-growth phase, whereas their

mobility is greatly reduced during stationary phase. Bar: 1 pum.

heterochromatin domains, we developed optimized experi-
mental conditions which allowed routine FRAP measurements
in yeast cells (see Materials and Methods). In these experi-
ments, a small circular region of 300 to 500 nm in diameter was
bleached either in euchromatin or heterochromatin and recov-
ery was observed by recording images every 64 ms (Fig. 2A and
B). Bleached heterochromatin included mating loci, telomeres,
or centric heterochromatin (20, 23). Care was taken to exclude
nucleoli from the bleach region. Upon bleaching of either a
heterochromatic or euchromatic region, the fluorescence sig-
nal for GFP-Swib6 recovered within less than 2 s, demonstrating
that GFP-Swi6 is highly mobile and binds only transiently to
chromatin in exponentially growing cells (Fig. 2A to C). Sim-
ilar results were obtained with a C-terminal fusion of GFP to
Swi6 (data not shown). Within a cell population, GFP-Swi6
binding is independent of the level of expression of GFP-Swi6
since no correlation between intensity of labeling in hetero-
chromatin and the mobility of Swi6 was observed (see Fig. S1
in the supplemental material). In contrast, GFP-Swi6 mobility
correlates with its intensity ratio in heterochromatin versus
euchromatin, indicating that Swi6 mobility reflects the relative
accumulation of Swi6 in heterochromatin (see Fig. S1 in the
supplemental material).

In comparison to that in exponentially growing cells, GFP-
Swi6 mobility was significantly reduced in fission yeast in sta-
tionary phase (Fig. 2D) and was even further reduced in spores
(Fig. 2E). The signal recovery in heterochromatin 300 ms after
the bleach pulse was 60, 38, and 28% in exponential phase,
stationary phase, and spores, respectively (Fig. 2C to E). Sim-
ilarly, in euchromatin the recovery after 300 ms was 75, 64, and
47% in exponential phase, stationary phase, and spores, re-
spectively (Fig. 2C to E). These results demonstrate that Swi6
binding to chromatin is dynamic and depends on the growth
status of the cell.

Domain analysis of Swi6 binding in vive. To study the con-
tribution of the various domains of the Swi6 protein to its
binding to chromatin in living yeast, we used strains expressing
fusions of GFP with Swi6 containing deletions of the CSD
(GFP-Swi6ACSD) or the CD (GFP-Swi6ACD) (54). The mu-
tant fusion proteins were expressed in either a swi6™ or swi6 ™~
background (Fig. 3). The localization of these mutants has
previously been characterized in detail (54). While GFP-
Swi6-WT localizes to heterochromatin in both exponentially
growing and stationary cells, GFP-Swi6ACSD displays diffuse
labeling in most exponentially growing cells and accumulates in
heterochromatin in stationary cells (Fig. 3A). GFP-Swi6ACD
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is distributed throughout the nucleoplasm and accumulates to
only modest levels in heterochromatin of exponentially grow-
ing and stationary-phase swi6 ™" cells (Fig. 3A).

To study the binding dynamics of these constructs, we per-
formed FRAP and used the percentage of recovery reached
after 300 ms as an indicator of their binding behavior (Fig. 3).
Significant differences in recovery after 300 ms are an indicator
of general recovery kinetics (8). During exponential growth,
GFP-Swi6-WT reached a recovery of 60% in heterochromatin
and 75% in euchromatin after 300 ms during exponential
growth (Fig. 3B). This difference is statistically significant (P <
0.001). The mobilities of GFP-Swi6ACSD and GFP-Swi6ACD
were significantly higher than that of GFP-Swi6-WT, indica-
tive of reduced chromatin binding (Fig. 3B) (P < 0.001). These
observations show that Swi6 requires both the CSD and the
CD to display full binding activity in vivo.

To probe the interactions between the CD and the CSD of
Swi6 in vivo, we compared recovery kinetics of the mutant
proteins in swi6 ™" and swi6~ strains (Fig. 3B). The mobility of
GFP-Swi6-WT in a swi6~ strain was indistinguishable from
that in a swi6 ™ background, and no difference was observed for
GFP-SwibACSD between swi6~ and swi6 ™" strains (Fig. 3B).
This observation indicates that the endogenous Swi6 is not able
to interact with a mutant Swi6 lacking the CSD. In contrast to
the CSD mutant protein, the mobility of GFP-SwibACD was
slower in a swi6 ™" background than in a swi6~ strain (Fig. 3B).
The recovery after 300 ms of GFP-Swi6ACD was 86% in the
swi6~ strain but only 77% in the swi6 " strain (P < 0.001). This
finding indicates that the CSD of the mutant protein interacts
with endogenous Swi6-WT, resulting in slowed FRAP recovery
of GFP-SwibACD in WT cells. Similar effects were observed in
cells in stationary phase, suggesting that the growth status does
not affect the contribution of either domain to chromatin bind-
ing (Fig. 3C). We conclude from the ability of Swi6-WT to
interact with a CD deletion mutant protein, but not a CSD
deletion mutant protein, that homotypic CSD-CSD interac-
tions stabilize binding of Swi6 to chromatin in vivo.

Effect of silencing factors on Swi6é dynamics. To study the
effect of components involved in heterochromatic silencing on
Swi6 binding to chromatin in living yeast, we examined GFP-
Swi6 dynamics in strains deficient for Clrl, Clr2, Clr3, Clr4, or
Rik1. These proteins have previously been identified as critical
suppressors of silencing at the mating type locus and centro-
meres (17, 30, 53). As previously shown, the absence of Clr4 or
Rik1 results in loss of heterochromatin localization of Swi6 in
exponential- and stationary-phase cells (16) (data not shown).
In contrast the absence of Clrl, ClIr2, or Clr3 has no effect on
the distribution of Swi6 (data not shown).

To study the contribution of these proteins to Swi6 binding,
we compared the FRAP recovery kinetics of GFP-Swib6 in the
WT, clri-5, clr2-E22, clr3-E36, clr4-S5, or rik1-304 strain (Fig.
4). As expected, mutation of Clr4 or Rikl1 significantly affected
GFP-Swi6 binding (Fig. 4). In euchromatin, recovery of GFP-
Swi6-WT reached 75% after 300 ms but more than 85% in the
clr4-S5 and rik1-304 strains (P < 0.001). These results confirm
a direct requirement for Rik1 and Clr4 for efficient binding of
Swi6 in heterochromatin and euchromatin in vivo. In contrast,
the mutations of Clrl, ClIr2, and Clr3 had no significant effect
on GFP-Swi6 binding in euchromatin or heterochromatin (Fig.
4). Recoveries after 300 ms were statistically indistinguishable
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from that observed in a WT background (Fig. 4). These results
suggest that Clrl, Clr2, and Clr3 do not exert their effect on
maintenance of silencing by directly or indirectly affecting Swi6
binding to chromatin and that they do not alter chromatin
globally so as to change Swi6 binding.

Kinetic binding parameters of Swi6 in vivo. Although these
results clearly demonstrate that GFP-Swi6 binds only tran-
siently to chromatin in vivo, we sought to obtain quantitative
information about the properties of Swi6 binding to native
chromatin in intact cells. To this end, we analyzed FRAP data
using a kinetic modeling approach (44, 45). We generated a
kinetic model based on standard principles of chemical kinetics
to describe the behavior of Swi6-GFP in living yeast. In this
model, Swi6-GFP diffuses rapidly through the nuclear volume
and is free to bind to available binding sites in euchromatin and
heterochromatin. The model is implemented as a set of differ-
ential equations and contains as variables the “on” rates (k)
for potential binding sites, the corresponding “off” rates (k.g),
and the relative number of binding sites (Fig. 5a; see Fig. S2 in
the supplemental material). To first determine the kinetic
properties of GFP-Swi6 binding to methylated binding sites,
we analyzed the FRAP recovery kinetics of GFP-Swi6-WT in
heterochromatin in WT cells. The best-fit values between the
experimental data and FRAP simulations were obtained using
a model containing two distinct types of methylated binding
sites. Least-squares regression analysis yields best-fit parame-
ters indicating that a major fraction, 84%, of Swi6 molecules
were bound in methylated heterochromatin with a residence
time of about 385 ms, whereas an additional fraction of about
10% had a residence time of 110 s (Table 1). The fraction of
Swi6 bound to unmethylated chromatin was less than 1% in
heterochromatin, and the percentage of free Swi6 in hetero-
chromatin was about 5% (Table 1).

To determine the kinetic properties of GFP-Swi6 binding to
nonmethylated binding sites, we analyzed the FRAP recovery
kinetics of GFP-Swi6-WT in the clr4-S5 strain, which has re-
duced in H3 methyltransferase activity. ChIP analysis on two
centromeric loci indicated an approximately threefold reduc-
tion of methylated H3-K9 (see Fig. S3 in the supplemental
material). The recovery curve for GFP-Swi6 in the clr4-S5
strain fits a model containing an unbound pool of GFP-Swi6,
the two methylated binding sites identified previously in het-
erochromatin, and protein bound to a single type of nonmethy-
lated binding site (Fig. Sa, red and green compartments). Ki-
netic parameters for binding of GFP-Swi6 to nonmethylated
sites in the clr4-S5 strain and euchromatin in WT cells were
determined for a number of different values of P, representing
the fraction of methylated binding sites relative to heterochro-
matin, ranging from 0.01 to 0.2. In all fits the rate constants for
binding to methylated H3 were kept constant as previously
defined for heterochromatin. The set of parameters that best
matched the experimentally determined ratio of methylated
binding sites in WT yeast versus the c/r4-S5 strain were deter-
mined. These parameters revealed that the relative fractions of
methylated binding sites in the c/r4-S5 strain and euchromatin
in WT cells are 0.06 and 0.18, respectively. This approach
yields a residence time of ~170 ms for GFP-Swi6 bound to
unmodified chromatin. In euchromatin about 43% of Swi6 was
bound to methylated H3 and another 43% of the protein was
bound to nonmethylated sites. Consistent with the reduction of
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methylated H3 in the clr4-S5 strain 63% of GFP-Swi6 mole-
cules were bound to nonmethylated H3 in clr4-S5 cells while
only 19% were bound to methylated sites; this compares to less
than 1% and more than 84%), respectively, in heterochromatin
of WT cells.

The validity of the kinetic model was confirmed by accurate
prediction of the recovery profiles of several mutant Swi6 pro-
teins (Fig. 5C; Table 1). In addition, sensitivity analysis on the

nkm

data sets showed that the key parameters k g, Koo, and kqgs
were well defined (see Fig. S4 and Table S1 in the supplemen-
tal material). An alternative kinetic model assuming direct
binding of GFP-Swi6 to two independent types of methylated
binding sites provides a reasonable but less-stringent fit (see
Fig. S5 in the supplemental material). Regardless, both models
imply the presence of at least two kinetically distinct popula-
tions of Swi6 bound to methylated sites in intact chromatin.
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FIG. 5. Kinetic model and corresponding fits to experimental data. (a) Minimal kinetic model for simultaneously fitting Swi6 FRAP data in
clr4-S5 cells and in euchromatin and heterochromatin of a WT strain. k,,, and k. are association and dissociation rate constants, respectively (see
Fig. S2 in the supplemental material for a full model). (b) Best fits, determined by least-squares regression analysis, to the model for WT Swi6
recovery in clr4-S5 cells and WT cells in euchromatin and heterochromatin. All parameters are listed in Table 1. Note that all rate constants are
the same for each curve, the observed differences being attributed to the difference in the number of methylated binding sites. (c) Best fits
determined by least-squares regression analysis for the CD and CSD deletion mutant proteins. For SwibACD, all rate constants describing binding
to methylated H3 (koo kogos Kons, and kogs) are set to zero. For SwibACSD a single set of rate constants (k.4 and k,,,) describing binding to
methylated H3 was sufficient for an accurate fit. All parameters are listed in Table 1.
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TABLE 1. Kinetic parameters for GFP-Swi6 binding in vivo

Value for:
Parameter® ] ] WT. Swi6.
clr4-S5, Swi6, eu WT, Swib, eu he,tero ’ WT, ACD, eu WT, ACSD, eu

Kont (571 242 242 242 24.2 0.00
Kogr (571) 5.21 5.21 5.21 5.02 0.00
Komo (s71) 49.5 49.5 49.5 0.00 49.5
Ko (51 2.59 2.59 2.59 0.00 10.3
Kons (571 0.00105 0.00105 0.00105 0.00 0.00
Koz (s71) 0.0091 0.0091 0.0091 0.00 0.00
Kaige (s71) 60 60 60 60 60
P 0.06 0.18 0.99 0.06 0.99
Swi6 fraction 0.18 0.14 0.05 0.24 0.21
Swi6-H3 fraction 0.63 0.43 0.01 0.76 0.00
Swi6-H3™<!, ., fraction 0.17 0.39 0.84 0.00 0.79
Swi6-H3™et . fraction 0.02 0.04 0.10 0.00 0.00
Residence time for Swi6-H3 (ms) 192 192 192 199 NA®
Residence time for Swi6-H3™' . (ms) 385 385 385 NA 97
Residence time for Swi6-H3™' ., (s) 110 110 110 NA NA

“P, relative proportion of methylated binding sites.
® NA, not applicable.

€ Swib-H3™<!, and Swi6-H3™' . Swi6 bound to methylated H3, fast and slow phases, respectively.
4 Background, version of Swi6 (Swi6, WT; ACD, SwicACD; ACSD, Swi6ACSD), type of chromatin (eu, euchromatin; hetero, heterochromatin).

DISCUSSION

Comparison of mammalian and yeast Swi6 dynamics. De-
spite hundreds of millions of years of divergent evolution, the
basic principles involved in the silencing of pericentric hetero-
chromatin for mammals and fission yeast are remarkably sim-
ilar (15, 54). Here we have analyzed the dynamic properties of
Swib in living cells. In comparing them to our earlier observa-
tions on the binding dynamics of mammalian HP1 we find that
several dynamic features of the major heterochromatin pro-
teins HP1 and Swib6 are evolutionarily conserved. As in mam-
malian cells, Swi6 binding to chromatin is transient and overall
binding dynamics are affected by the degree of chromatin con-
densation (10). Similar to our observations on mouse HPI,
Swi6 binding dynamics depend on the presence of the histone
methyltransferase specific for modification of K9 of histone
H3. In addition, the contributions of the two conserved major
protein domains, the CD and the CSD, in HP1 and Swi6 were
similar. In both cases, the CD was required for targeting to
heterochromatin and binding required the CSD for stabiliza-
tion. However, we also note several differences. First, hetero-
chromatin domains are highly mobile in fission yeast whereas
they are almost immobile in the mammalian cell (10, 46).
Mammalian heterochromatin domains move ~140 nm/min
(10), whereas they typically move ~660 nm/min in exponen-
tially growing S. pombe cells. This dramatic difference in mo-
bility of heterochromatin domains might be indicative of fun-
damental differences in chromatin organization, and possibly
nuclear architecture in general, between yeast and mammals.
Fission yeast centromeric heterochromatin clusters at the nu-
clear periphery and interacts with the spindle pole body (SPB).
The mobility of both SPB and centromeric heterochromatin is
dependant on cytoplasmic microtubules and is thought to be
important for nuclear positioning (21, 46). It is not known if
these movements have a functional significance with respect to
chromatin. Although both fission and budding yeast hetero-
chromatin domains are highly mobile, fission yeast heterochro-

matin undergoes more-uniform displacements with a reduced
velocity, compared to that of budding yeast, where loci un-
dergo more-rapid, diffusive movement (22). A second differ-
ence in comparing HP1 and Swi6 dynamics is that the kinetics
of binding of Swi6 are at least 1 order of magnitude faster than
those of HP1. While we estimated the residence time of the
majority of HP1 in heterochromatin to be on the order of 20 to
30 s, kinetic analysis of Swi6 suggests a residence time of the
majority of heterochromatic Swi6 on the order of less than 1 s.
The overall higher mobility of Swi6 molecules than of HP1
might be indicative of a lower proportion of silenced genes in
yeast cells than in mammalian cells and might reflect an overall
more open, less heterochromatic nature of yeast chromatin.
Consistent with this interpretation we have shown here that
Swi6 mobility is increasingly reduced as cells progress from
exponential to stationary phase and to spores.

Swi6/HP1 and nucleosome binding. Using domain deletion
mutant proteins, we show that both the CD and CSD are
required for correct Swi6 binding to chromatin in the context
of intact chromatin in a living S. pombe nucleus. These results
are in agreement with similar mammalian in vivo and in vitro
studies (5, 10, 27, 40). Our observation that recovery of a
mutant Swi6 containing the CSD but not the CD is slower in a
swi6™ strain than in a swi6~ stain indicates that homotypic
interactions via the CSD occur among Swi6 molecules in vivo
(52, 54, 55). In contrast, the binding of a mutant protein lack-
ing the CSD in a swi6 ™~ background was indistinguishable from
that in a swi6™" background. These data are consistent with a
model where the CD of HP1/Swi6 acts as a recognition site for
methylated H3 and the CSD functions as a bridge to stabilize
HP1/Swi6 binding (Fig. 6A) (29, 51).

Swi6 binding to heterochromatin was not altered in yeast
lacking the previously identified silencing factors Clrl, Clr2,
and ClIr3, suggesting that these factors exert their silencing
function independently of Swi6 binding (16). As expected,
strains lacking Clr4 or Rikl showed a strong defect in Swi6



VoL. 24, 2004

A
Other factor

1l

IN VIVO DYNAMICS OF Swi6 IN YEAST 3165

Altered
Methylated
K9 H3

[0

Unmethylated

\ H3
Gﬂ:@ r 9 HP1/ Swié

I..rl
8-

Cﬁfﬂ)

Il' |.
g O

I[(_lﬂ'
0
e 8

Euchromatin

Maintained

Heterochromatin

FIG. 6. Stochastic model for HP1/Swi6 binding to chromatin. (A) HP1/Swi6 dimers cross-link adjacent nucleosomes. The dynamic nature of
binding frequently creates vacant binding sites. Competition for the open binding sites determines the fate of the nucleosome. Association of
HP1/Swi6 maintains the status quo. Association of a competitor results in an altered nucleosome configuration. (B) Steady-state representation
of stochastic HP1/Swi6 binding to euchromatin and heterochromatin domains. HP1/Swi6 has a higher affinity for mK9-H3, and, since this
compartment is enriched in mK9-H3, HP1/Swi6 has a higher probability to bind heterochromatin. Since the compaction of the nucleosome is
higher in heterochromatin, the probability of establishing a cross-link to an adjacent nucleosome, either on the same fiber or a different chromatin
fiber, is also higher in heterochromatin than in euchromatin. Because euchromatin is enriched in nucleosomes bearing histone H3 unmethylated
on K9, the fraction of HP1 bound to unmethylated histone H3 on K9 is higher in euchromatin than in heterochromatin. These interactions are
less stable than the interactions with methylated K9-H3 and do not result in heterochromatinization. The overall stability of heterochromatin is

conferred by the stable methylation of core histones.

binding in vivo. While it is clear that the Clr4 effect is due to its
reduced ability to methylate H3-K9, the function of Rik1 is still
enigmatic. The Rik1 protein contains B-propeller-like domains
typically found within WD 40 domains, and it has been sug-
gested that these domains function as chaperones that bind
chromatin assembly factors (37). The differences observed in
Swib6 binding in clrl-5, clr2-E22, and clr3-E36 strains compared
to binding in clr4-S5 and rik1-304 strains also reinforce the
possible involvement of HP1/Swi6 in chromosome segregation.
Mutant Rikl, ClIr4, and Swi6 have previously been demon-

strated to have defects in chromosome segregation. However,
no such defects occur in mutant Clrl, Clr2, or Clr3 (16). Sim-
ilar phenotypes have been observed in mammalian cells lack-
ing the histone methyltransferase Suv3%h (43). Moreover, it
was recently shown that Swib is required for the recruitment of
cohesin to heterochromatin (6). This correlation might be ex-
plained if pericentric heterochromatin played an important
mechanistic role in chromosome segregation.

A stochastic model for heterochromatin. Our results dem-
onstrate that Swi6 is involved in maintenance of yeast hetero-
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chromatin by making transient interactions with chromatin, as
has been shown for HP1 in mammals (10, 18). Despite differ-
ences in the rates of binding, the dynamic nature of HP1/Swi6
binding is consistent with the notion that both mammals and
fission yeast use stochastic mechanisms to control formation,
maintenance, and likely spreading of heterochromatin. We
propose that HP1/Swi6 binding to nucleosomes and the for-
mation of internucleosome cross-links are essentially stochastic
events. While the long-term stability of heterochromatin do-
mains is determined by the putative irreversible nature of
methylation on H3-K9, which acts as a permanent and herita-
ble mark of heterochromatin (4), the short-term stability of
heterochromatin is maintained by the steady-state equilibrium
of dynamic association and dissociation of HP1/Swi6 from a
diffusible nucleoplasmic pool. Since HP1/Swi6 has a higher
affinity for binding to histone H3 methylated on K9 than for
binding to unmodified sites on chromatin and since modified
H3 is enriched in heterochromatin, the probability of the bind-
ing of nucleoplasmic HP1/Swi6 to a nucleosome bearing a
methylation mark is higher in heterochromatin than in euchro-
matin (Fig. 6B). We also suggest that the establishment of
cross-links between two proximal nucleosomes is similarly sto-
chastic, although the probability is higher in heterochromatin
since the density of the nucleosome bearing HP1/Swi6 is higher
in heterochromatin than in euchromatin (Fig. 6B). The high
number of exchange events within a domain contributes to the
overall stability and creates a robust system, whose status is
maintained over time but can be altered rapidly.

Advantages of a stochastic model. A stochastic model for
heterochromatin maintenance can account for several obser-
vations that are difficult to reconcile with a more static model.
First, stronger expression of an activator is required to over-
come telomeric repression of a reporter gene than to overcome
its repression in other locations. This effect was interpreted to
be due to the stochastic nature of silencing mechanisms (3).
Second, silenced genes located in heterochromatin can be ac-
tivated relatively rapidly, indicating that silencing is reversible.
For example, expression of gal4 activator reverses the silencing
of a variegating transgene containing a gal4 binding site in its
promoter (1). Furthermore, a A5 transgene in mouse pre-B
cells undergoes reversible transitions between active and inac-
tive states (31). Third, transcription factors and preinitiation
complexes have been shown to be able to bind to silenced
chromatin regions (50). In support of this observation, GFP-
HP1/Swi6 is readily exchanged from heterochromatin in FRAP
experiments; thus, this nuclear compartment is not inaccessible
to other proteins, and it is therefore likely that transcriptional
regulators can access heterochromatin. Fourth, in yeast, re-
pression is maintained through a continuous requirement of
repressors (9). A continuous flux of repressors appears super-
fluous in a static context, whereas it becomes essential when
heterochromatin maintenance is controlled by dynamic equi-
libria.

Determination of the heterochromatin state by dynamic
equilibrium has regulatory consequences. Modulation of dy-
namic equilibria provides a simple way of propagating or re-
solving heterochromatin. Dissociation of HP1/Swi6 from chro-
matin opens a window of opportunity for other chromatin
binding proteins to associate and to act on the open binding
site (Fig. 6B). Depending on the identity of the newly bound
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factor, chromatin states may be altered. The dynamic nature of
HP1/Swi6 binding may be critical for propagation of hetero-
chromatin states, since more long binding events, as they occur
in heterochromatin, favor association of further HP1 and
methyltransferase molecules, resulting in the perpetuation of
the heterochromatin state, whereas more short binding events,
as observed in euchromatin, favor dissociation of HP1/Swi6,
resulting in the resolution of the heterochromatic state.

Our results suggest that globally stable heterochromatin do-
mains are generated from dynamic interactions. Dynamic or-
ganization of heterochromatin confers the ability of a cell to
spatially compartmentalize particular genome regions while at
the same time allowing rapid response to changing environ-
mental conditions. It is therefore likely that dynamic mainte-
nance of heterochromatin is a crucial mechanism to ensure
stability and responsiveness of genomes in vivo.
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