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The telomeres and mating-type loci of budding yeast adopt a condensed, heterochromatin-like state through
recruitment of the silent information regulator (SIR) proteins SIR2p, SIR3p, and SIR4p. In this study we
characterize the chromatin binding determinants of recombinant SIR3p and identify how SIR3p mediates
chromatin fiber condensation in vitro. Purified full-length SIR3p was incubated with naked DNA, nucleosome
core particles, or defined nucleosomal arrays, and the resulting complexes were analyzed by electrophoretic
shift assays, sedimentation velocity, and electron microscopy. SIR3p bound avidly to all three types of
templates. SIR3p loading onto its nucleosomal sites in chromatin produced thickened condensed fibers that
retained a beaded morphology. At higher SIR3p concentrations, individual nucleosomal arrays formed oligo-
meric suprastructures bridged by SIR3p oligomers. When condensed SIR3p-bound chromatin fibers were
incubated in Mg>*, they folded and oligomerized even further to produce hypercondensed higher-order
chromatin structures. Collectively, these results define how SIR3p may function as a chromatin architectural
protein and provide new insight into the interplay between endogenous and protein-mediated chromatin fiber

condensation pathways.

The genome of the budding yeast Saccharomyces cerevisiae
contains transcriptionally silent, heterochromatin-like regions
that are both stable throughout the cell cycle and inherited
epigenetically. A specific complex of proteins, the silent infor-
mation regulators (SIRs), is thought to mediate the assembly
and maintenance of this silenced chromatin. Genetic and bio-
chemical studies have identified the constituents of the SIR
complex (SIR1p, -2p, -3p, and -4p) and have described the
molecular relationships within the SIR complex and between
the SIRs and the histone components of chromatin (6, 36; for
reviews, see references 9, 50, and 51). The SIR protein that
binds to chromatin fibers and affects higher-order chromatin
structure is SIR3p. Overexpression of SIR3p in vivo leads to
“spreading” of silenced chromatin outside the natural bound-
aries, and this “extended” silent chromatin is depleted of the
other SIR complex proteins (27, 49, 59). When studied in vitro,
purified, recombinant SIR3p efficiently binds to DNA, mono-
nucleosomes, and nucleosomal arrays and forms complexes
with highly reduced electrophoretic mobility on agarose gels
(20). On the basis of these properties, SIR3p has been placed
in a growing group of proteins that can directly condense
chromatin fibers into specific higher-order secondary and ter-
tiary chromatin structures. Such proteins have been termed
chromatin architectural proteins (CAPs) (38).

CAPs that have been characterized biochemically to date
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include human MeCP2 (1, 21, 44), avian MENT (23, 40), and
Drosophila PCC complex (18). CAPs have multiple DNA-
and/or histone-binding sites that participate in local fiber fold-
ing in cis and fiber-fiber “bridging” in trans. Some CAPs, such
as MeCP2, act as monomers (1, 44), while others, such as
MENT, are dimers (57), and the PCC complex is a hetero-
oligomer (18). The biochemical mechanisms for achieving pro-
tein-mediated chromatin fiber condensation clearly are di-
verse. In the present study we focused on the possible
relationships between SIR3p self-association and its function
as a CAP. Self-association of SIR3p in solution has been widely
reported (16, 36, 42). The self-association behavior of the full-
length protein has recently been characterized in detail and
shown to be quite complicated (39). The most stable form of
SIR3p is an 8S dimer. However, in low-micromolar-concentra-
tion solutions and under physiological salt conditions, the 8S
SIR3p dimers are able to self-associate indefinitely in a revers-
ible, concentration-dependent manner to produce unusually
large oligomers that sediment in excess of 70 to 80S (39). While
such oligomerization properties could help explain SIR3p-de-
pendent assembly and the spreading of silent chromatin archi-
tecture, the biochemical properties and morphology of SIR3p-
bound chromatin fibers have yet to be investigated in detail.
Nucleosomal arrays in the absence of other bound proteins
are intrinsically dynamic; under physiological salt conditions,
nucleosomal arrays are in equilibrium between unfolded
monomers (i.e., beads-on-a-string structures), folded mono-
mers (i.e., “30-nm” fibers), and oligomeric suprastructures (2,
5, 14, 17, 26, 48, 52, 53, 56, 61, 66). All four of the unmodified
core histone N-terminal “tail” domains (NTD) contribute to
intrinsic fiber condensation (22), and the H3 (31, 68) and H4
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tails (13, 55) appear to play particularly important roles. In this
regard, it is well established that there are both genetic and
physical interactions between SIR3p and the H3 and H4 tails
(7, 20, 27, 29, 36). This raises a key question. When SIR3p
binds to the H3 and H4 tails and condenses chromatin fibers,
does this process inhibit the intrinsic condensation pathway
dependent on the same tails? To investigate this question and
determine the structure and physicochemical properties of
SIR3p-chromatin fiber complexes, we incubated purified re-
combinant SIR3p with long DNA molecules, nucleosome core
particles (NCPs), and nucleosomal arrays (NA) and character-
ized the resulting nucleoprotein complexes by electrophoretic
mobility shift assay (EMSA), analytical ultracentrifugation,
and electron microscopy (EM). The results demonstrate that
SIR3p binds to both naked DNA and the nucleosomal com-
ponents of chromatin fibers and, acting through reversible con-
centration-dependent SIR3p-SIR3p self-association, assem-
bles condensed structures with novel morphologies. Strikingly,
exposure of the condensed SIR3p-bound chromatin fibers to
Mg?" led to further array folding into hypercondensed chro-
matin structures. The ramifications of these results for SIR-
dependent silencing and chromatin fiber structural dynamics
are discussed.

MATERIALS AND METHODS

SIR3p purification. Sf9 insect cells were infected with a recombinant baculo-
virus expressing full-length rSIR3p fused to six tandem C-terminal histidines.
The protein was purified by conventional ion-exchange chromatography as pre-
viously described (39). The resulting protein was >95% pure, as judged by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie stain-
ing. The extinction coefficient used for protein concentration determination was
83,835 M~ ! cm™! at 276 nm (ProtParam).

DNA, NCP, and nucleosomal array preparation. 208-12 DNA composed of 12
208-bp ribosomal DNA repeats was digested and purified as previously described
(8). Purified pUC19 plasmid DNA was purified and linearized by digestion with
EcoRI. DNA was quantified with a Beckman DU 600 spectrophotometer using
the absorbance at 260 nm. NCPs were prepared as previously described (15)
using the sea urchin 5S ribosomal DNA 146-bp fragment and hypoacetylated
recombinant Xenopus laevis core histone octamers. Chromatin fibers were pre-
pared using the 5S 208-12, 5S 172-12, and linearized pUC-19 DNA templates and
purified hypoacetylated chicken erythrocyte core histone octamers (19, 24) or
unacetylated recombinant Xenopus laevis core histone octamers (22). The level
of saturation of the DNA templates by nucleosomes was determined by using
sedimentation velocity ultracentrifugation (25).

EMSA. Purified proteins, DNA, mononucleosomes, and chromatin fibers were
mixed in TEN (10 mM Tris [pH 7.5; 22°C], 0.25 mM EDTA, 2 mM NaCl) at the
specified molar ratios. The reactions were incubated for 30 min at room tem-
perature, and glycerol was added from a 50% (vol/vol) solution to a final con-
centration of 5% (vol/vol). The samples were loaded onto a 1% agarose gel
prepared and run in 1X TAE buffer at room temperature (21 to 23°C) at 5 V/em
for 2 to 2.5 h. The gels were stained with ethidium bromide and visualized by
using a UV transilluminator. Images were recorded on a Gel Logic 200 (Kodak)
and are inverted for clarity. The molecular weight marker is a BstEII digest of A
DNA (New England Biolabs).

EM. DNA and NA samples in 5 mM HEPES (pH 8.0)-0.5 mM EDTA and the
desired amounts of NaCl were placed in minidialyzer units (Pierce) and dialyzed
for 4 h at 4C against buffer containing fresh 0.1% EM-grade glutaraldehyde,
followed by overnight dialysis against buffer alone. Samples were prepared for
EM essentially as described previously (44, 67). We used 2% uranyl acetate as a
negative stain, or, after the grids were rinsed with water, as a positive stain. Some
samples were shadowed with platinum at an angle of 10° after drying from
glycerol (21). Grids were examined in a Tecnai 12 electron microscope (FEI
Corp.) at 100 kV using a LaB6 filament, and images were recorded on a charge-
coupled device camera (2,048 X 2,048; Tietz Gmbh, Gauting, Germany).

Analytical ultracentrifugation. Sedimentation velocity measurements were
performed using either a Beckman XL-I or Beckman Proteome XL-A analytical
ultracentrifuge, using the absorbance optical system. Two-sector, charcoal-filled
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Epon centerpieces were filled with 400 wl of sample and 420 wl of reference
(buffer) solutions. Samples were centrifuged in either a Beckman An60Ti 4-hole
rotor or An50Ti 8-hole rotor at 21°C. Velocity data were edited and analyzed by
using the boundary analysis method of Demeler and van Holde (11) as imple-
mented in UltraScan (version 7.3 for Windows). All sedimentation coefficients
are reported in Svedberg units (S), where 1S = 10735, and corrected to that of
water at 20°C (s50,,). The partial specific volume of SIR3p (V-bar, 0.7472 cm®/g
at 20°C) and solvent densities (p) were calculated within UltraScan. The pre-
dicted sedimentation coefficient of an extended 12-mer nucleosome array with
one bound SIR3p dimer per nucleosome was modeled by using the Kirkwood
Theory (34) as implemented in UltraScan version 2.88. Values of 65 * 5 nm for
the Stokes radius and 14S for the sedimentation coefficient of a Sir3 dimer-NCP
complex (see Fig. 2B) were used and returned a predicted value of 42S = 2S for
the extended SIR3p-bound array.

Differential centrifugation. The differential centrifugation assay for self-asso-
ciation was performed as described previously (53, 54, 64). Briefly, nucleosomal
arrays (A,q, ~1.4) were mixed with SIR3p and incubated for 15 min. An equal
volume of a 2X MgCl, solution as added to achieve the desired final salt
concentration. After a 5-min incubation at 20°C, the samples were centrifuged
(13,000 X g) for 10 min at 20°C in a microcentrifuge. The absorbance at 260 nm
of the soluble fraction was measured, and the percentage of the nucleosomal
array sample remaining in the supernatant was calculated as described previously
(53, 54, 64).

RESULTS

SIR3p-DNA interactions. Our previous work demonstrated
that SIR3p is able to bind nonspecifically to DNA, and the
results from EMSA suggested that DNA binding may be co-
operative (20). However, neither the mechanism of SIR3p-
DNA interactions nor the structure of SIR3p-DNA complexes
was examined in that study. Consequently, in the present study
our primary goal was to characterize SIR3p-DNA interactions
by EM. EMSA experiments were first performed as controls.
Purified SIR3p was incubated with 208-12 DNA (~2.5 kb) in
increasing molar equivalents of protein to 208-bp DNA repeat,
and the mixtures were analyzed by EMSA using 1% agarose
gels (Fig. 1A, lanes 1 to 5). Because SIR3p minimally is a dimer
under the conditions of our assays (39; see also the Discus-
sion), the molar ratio of protein to DNA is expressed through-
out this study as moles of SIR3p dimer to moles of 208-bp
DNA (#[SIR3p]?). The results indicate that increased SIR3p
binding progressively retards the mobility of the DNA until
complexes are formed that fail to migrate into the gel. At
{SIR3p]? of 0.5 (i.e., 6 SIR3p dimers added per 208-12 DNA
template), the mobility of SIR3p-bound 5S DNA was only
slightly retarded. Between r{SIR3p]* of 1 and 2 the bands
underwent a dramatic decrease in mobility, and by /[SIR3p]* of
2, all of the DNA molecules were in some form of shifted
nucleoprotein complex. The diffuse nature of the bands is
consistent with previous results (20) and suggests that SIR3p
formed multiple complexes with different sizes, shapes, and/or
charges under these conditions. At 7{SIR3p]? of 4, we observed
both a defined, slowly migrating band and a significant fraction
of complexes that were unable to migrate through the gel.
When this experiment was repeated using linearized pUC19
DNA the same general gel shifts trends were observed al-
though, compared to 5S DNA, the pUC19 DNA was shifted to
equivalent levels at lower r values (Fig. 1A, lanes 6 to 10).
Thus, the SIR3p-DNA interactions seen in Fig. 1 may exhibit
sequence dependence.

The SIR3p-DNA complexes from Fig. 1A next were visual-
ized by EM to determine their morphologies. Representative
images obtained at 7{SIR3p]? of 0, 1, and 4 are shown in Fig.
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FIG. 1. Interaction of SIR3p with DNA. (A) EMSA of SIR3p and
DNA. Linear 208-12 DNA (lanes 1 to 5) or linear pUC19 DNA (lanes
6 to 10) (0.5 p.g; 3.6 pmol) was incubated at r[SIR3p]? of 0.5, 1, 2, and
4 (90, 180, 360, and 720 nM SIR3p dimer, respectively) prior to elec-
trophoresis. The positions of the markers (M, N\ BstEII digest frag-
ments) are shown at right. Lane 11 was not loaded (X). (B) EM of the
interaction of SIR3p with 208-12 DNA. (i) Appearance of DNA alone
after positive staining. (ii) 208-12 DNA with r[SIR3p]? of 1 dimer per
208 unit. Some DNA molecules are studded with bound SIR3p dimers,
while others have little or none. Unbound dimers are seen in
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1B. At 1[SIR3p]? of 0, the naked linear 208-12 DNA was in an
extended form on the grid (Fig.1Bi). At r[SIR3p]* of 1, we
observed either naked DNA molecules or DNA that was
nearly saturated with SIR3p (Fig.1Bii). In the latter case, quan-
titation of these results indicated an average of 23 bound
SIR3p particles per 208-12 molecule, which equates to one
SIR3p dimer bound per ~110 bp of DNA. The SIR3p mole-
cules appeared as bright, nearly uniform ellipsoids, both in the
background and when bound to DNA, and were roughly the
same size as nucleosomes. These data demonstrate that SIR3p
binding to long DNA at r{SIR3p]* of 1 is a cooperative process
that produces relatively regular arrays of SIR3p-DNA com-
plexes, independent of DNA sequence. The length and sinuous
morphology of the SIR3p-bound DNA at {SIR3p]* of 1 was
comparable to that of the naked DNA, indicating that SIR3p
binding did not condense the DNA under these conditions. At
{SIR3p]* of 4 most DNA molecules were essentially com-
pletely coated with SIR3p, and it was not possible to determine
stoichiometries by counting particles. When the contour
lengths were quantitated, protein-saturated complexes had a
mean length of 264 nm (standard error [SE] = 17 nm), ca. 40%
shorter than DNA alone (413 nm, SE = 6.5 nm), presumably
due to SIR3p-SIR3p interactions. The SIR3p-coated mole-
cules are assumed to correspond to the relatively narrow band
present in lane 5 of Fig. 1A. We did not observe large SIR3p-
DNA complexes corresponding to the material in the wells in
lane 5 of Fig. 1A. Such large aggregates tend to precipitate and
are not readily imaged. As will be discussed below, the data in
Fig. 1 suggest a role for double-stranded DNA interactions in
chromatin fiber condensation.

SIR3p-NCP interactions. Because the biological function of
the SIR proteins is to silence chromatin, the ultimate goal of
the present study was to investigate the structure of SIR3p-
bound chromatin fibers. The next level in the hierarchical
organization of chromatin is the NCP, which consists of 147 bp
of DNA wrapped around a histone octamer. NCPs with more
than 147 bp of DNA are called mononucleosomes, and the
presence of the extranucleosomal DNA is thought to mimic
the linker DNA between nucleosomes in a chromatin fiber. We
have previously shown that SIR3p binds to mononucleosomes
containing ~60 bp of extranucleosomal DNA (20). Given the
robust binding of SIR3p to DNA documented in Fig. 1, we
sought to determine how well SIR3p bound to NCPs lacking
this extranucleosomal linker DNA. In anticipation of obtaining
heterogeneous samples (20), EMSA experiments were first
performed as controls and subsequently correlated with defin-
itive sedimentation velocity analyses. As expected, the EMSA
data were complex (Fig. 2A). Titration of SIR3p at first led to
little apparent binding as judged by the lack of shift of the NCP
band (lanes 2 to 5). Higher SIR3p concentrations produced
extensive smearing and no well-defined, slower-migrating
bands, although all of the NCP band had been shifted (lanes 6

the background. (iii) At r[SIR3p]* of 4, most DNA molecules are
coated with protein, and the complexes have a significantly shorter
contour length. Some (apparently) free DNA is also seen. Scale bars
represent 75 nm: the higher-magnification images show greater detail
within the complexes.
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FIG. 2. Binding of SIR3p to NCPs. (A) EMSA. NCP 200 ng (1
pmol) of 146-bp NCPs was incubated with 7[SIR3p]* = 0, 0.25, 0.5,
0.75, 1, 2.25, 3.25, 4.5, 5.5, and 11 (12.5 to 550 nM SIR3p dimer,
respectively) prior to electrophoresis on a 1% agarose gel. The gel was
stained with ethidium bromide and visualized by UV transillumination.
The arrow indicates the position of unbound nucleosomes. (B) Sedi-
mentation velocity. A total of 10 pg (50 pmol) of NCP was incubated
alone ([J) or with /{SIR3p]* of 0.25 (2), 0.5(O), 1 (M), or 4 (A) (31,
62.5, 125, and 500 nM SIR3p dimer, respectively) prior to sedimenta-
tion velocity. The resulting integral distribution of S [corrected for
water at 20°C (sy,,)] is shown.

to 10). This result suggests that SIR3p binding to NCPs pro-
duced small amounts of many different nucleoprotein species,
a finding consistent with the extensive smearing seen in our
earlier EMSA experiments (20). To test this interpretation
using a definitive solution-state technique, we analyzed the
SIR3p-NCP complexes by sedimentation velocity in the ana-
lytical ultracentrifuge. NCPs and SIR3p were mixed at
{SIR3p]? of 0.25 — 4, and the resulting boundaries were an-
alyzed by using the Demeler-van Holde method (11), which
produces a plot of the integral distribution of sedimentation
coefficients in the sample, G(s) (Fig. 2B). A vertical plot is
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indicative of the presence of a single homogeneous species,
while a sloping plot results from a heterogeneous sample (10).
If the sample is heterogeneous, the relative amounts of each
species can be determined from the G(s) plot (10). Free NCPs
sedimented as a homogenous 118 species, as expected from many
previous studies (3, 12, 58). At r[SIR3p]? of 0.25, ~90% of the
NCPs sedimented at 11S, and the remaining ~10% sedi-
mented at between 14S and 18S. At [SIR3p]* of 0.5, ~65% of
the NCPs sedimented at 11S, and the remaining 35% sedi-
mented at between ~14 and 25S. At {SIR3p]? of 1, ~60% of
the NCPs sedimented at 14S, while the remainder of the sam-
ple sedimented at between 14 and 37S. The homogenous 14S
component of the sample most likely corresponds to the NCP-
SIR3p dimer complex, while the faster-sedimenting species
must be some type of higher-order complexes. This same
SIR3p/NCP ratio when analyzed by EMSA showed only smear-
ing above the NCP band (Fig. 2A, lane 5). By 7[SIR3p]* of 4,
~30% of the sample sedimented at 14S and the remaining
70% sedimented from 14 to 37S. The observed 14 to 37S range
of complexes is indicative of the presence of a range of nu-
cleoprotein complexes with multiple SIR3p dimers and/or mul-
tiple nucleosomes. Consistent with this conclusion, the sample,
when analyzed by EMSA (Fig. 2A, lane 8), exhibited a broad
smear with no distinct banding. Together, the sedimentation
velocity and EMSA data are internally consistent and show
that SIR3p avidly binds to NCPs and assembles them into a
population of higher-order nucleoprotein complexes. These
results also indicate that the ability to bind to nucleosomes is
not compromised by the lack of extranucleosomal DNA.

SIR3p-dependent spreading of condensed chromatin fiber
structures in vitro. We next examined SIR3p binding to nu-
cleosomal arrays and SIR3p-dependent changes in chromatin
fiber morphology. Low salt conditions were used in the binding
reactions so that the nucleosomal arrays were in the extended
beads-on-a-string conformation, i.e., binding was not influ-
enced by the endogenous folding pathway. Three types of
nucleosomal arrays were used for these experiments: 208-12
nucleosomal arrays with positioned nucleosomes and long nu-
cleosome repeats, 172-12 arrays with positioned nucleosomes
and much shorter nucleosome repeat lengths closer to those of
yeast chromatin in vivo (~165 bp) (35, 43, 62), and pUCI19
arrays that have randomly positioned nucleosomes and widely
variable linker-DNA lengths. These three templates were re-
constituted using native histone octamers to nearly identical
saturation, as determined by sedimentation velocity (data not
shown). Increasing molar ratios of SIR3p were mixed with the
nucleosomal arrays and analyzed by EMSA using 1% agarose
gels (Fig. 3). The banding patterns were quite complex. In the
case of all three chromatin templates, increasing the r[SIR3p]*
from 0.5 to 6 led to a continuous retardation and smearing of
the chromatin band and produced a broad continuum of slower-
migrating species. Importantly, the banding patterns of all
three chromatin samples were essentially identical, indicating
that, as judged by EMSA, DNA sequence, linker DNA length
and nucleosome spacing have little influence on SIR3p binding
to nucleosomal arrays.

The complexes formed between SIR3p and 208-12 nucleo-
somal arrays also were examined by sedimentation velocity.
The 208-12 arrays were used because their intrinsic physico-
chemical properties are well established (17, 26). The nucleo-
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FIG. 3. Binding of SIR3p to nucleosomal arrays. (A) EMSA. A
chromatin array with 0.5 pg (3.6 pmol) of 208-12 (lanes 2 to 7), a
172-12 chromatin array (lanes 8 to 13), and linear, assembled pUC19
DNA chromatin arrays (lanes 14 to 19) were incubated at r[SIR3p]* of
0.5,1,2,4,and 6 (per DNA repeat or per 208 bp for pUC19, net SIR3p
dimer concentrations of 90, 180, 360, 720, and 1,080 nM, respectively)
prior to electrophoresis on a 1% agarose gel. The gel was stained with
ethidium bromide and visualized by UV transillumination. The posi-
tions of the markers (M, \ Bst-E II digest fragments) are shown at the
right. (B) Sedimentation velocity. A total of 10 pg (73 pmol) of chro-
matin array was incubated with /{SIR3p]? of 0 (@), 0.5 (C0), 1 (O), 2
(2), and 6 (M) of SIR3p dimers (net SIR3p dimer concentrations of 91,
182, 365, 720, and 1,095 nM, respectively) prior to sedimentation
velocity. The resulting integral distribution of S [corrected for water at
20°C (s29,,)] over the bottom 75% of the boundary is shown (the top
25% of the boundary consisted of unproductive aggregates).

somal arrays in low salt sedimented between 28 and 32S (Fig.
3B), indicating that they were saturated with octamers (i.e., an
average of 12 octamers per template). At {SIR3p]* of 0.5,
roughly half of the arrays had bound SIR3p, as indicated by the
increase in sedimentation coefficient above ~30S. As the input
was increased to r{SIR3p]? of 1, the major effect was further
shifting of the sedimentation coefficients of the SIR3p-bound
fraction without markedly influencing the fraction of free ar-
rays. This result was reminiscent of binding of SIR3p to NCPs
(Fig. 2B). By 7[SIR3p]* of 2, all of the chromatin fibers were
bound by SIR3p and sedimented from 50 to 60S. Importantly,
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at r{SIR3p]? of 6, the complexes sedimented at 70 to S80S,
indicating that SIR3p loading onto the fibers did not reach a
plateau under the conditions studied.

The increase in sedimentation coefficient from ~30S to 50 to
80 S that occurs due to SIR3p binding in low salt likely reflects
increases in mass and, probably, changes in fiber structure,
given that an extended 12-mer array of SIR3p dimer-nucleo-
some complexes is predicted to sediment at only ~42S (see
Materials and Methods) To test this interpretation and visu-
alize the morphology of SIR3p-bound chromatin fibers, sam-
ples assembled at /{SIR3p]? of 0, 1, and 2 were analyzed by
EM. Negatively stained images are shown in Fig. 4A to C. As
expected, the parent 208-12 chromatin fibers in low salt ap-
peared as extended “beads on a string” structures with 11 to 12
nucleosomes. Individual nucleosomes (~10 nm in diameter)
were well defined (white arrows), and the linker DNA seg-
ments between many of the nucleosomes were visible (black
arrows). At r[SIR3p]* of 1, some of the fibers had the same
morphology as the parent nucleosomal arrays (Fig. 4B1 and 6),
while others showed significant SIR3p binding, as indicated
by the increased electron density that appeared to be coin-
cident with the nucleosomes on the fiber (Fig. 4B, 3 to 5,
black arrows). SIR3p-bound chromatin fibers assembled at
{SIR3p]? = 2 were consistently thicker than the other samples
(Fig. 4C). Intrafiber nucleosome-nucleosome contacts leading
to fiber folding were obvious in all samples at /{SIR3p]? of 2, a
finding consistent with the 50 to 60S sedimentation coefficients
of the chromatin fibers in solution. These contacts presumably
were mediated by interactions between SIR3p dimers and ei-
ther the nucleosomal and/or linker DNA components of the
same chromatin fiber. Interestingly, the thickened fibers seen
at r[SIR3p]* of 2 maintained a beaded morphology, again in-
dicating that much of the SIR3p binding was to the nucleo-
somes of the chromatin fiber. However, quantitation revealed
that the fibers with /[SIR3p]? of 1 had an average of 17 parti-
cles per array, suggesting some linker DNA binding also was
occurring under these conditions.

Images of preparations dried from glycerol and platinum
shadowed were also collected to better understand the topog-
raphy of the complexes (Fig. 4D to G). The free nucleosomal
arrays in low salt (Fig. 4D) appeared similar to the structures
in the negative stained images from Fig. 4A, except that the
shadowing technique more clearly revealed the nucleosomes
and linker DNA segments. The samples with [SIR3p]* of 1
showed a mixture of unbound arrays (Fig. 4E3) and SIR3p-
bound fibers that were somewhat thickened and compacted, a
finding consistent with both the negative staining (Fig. 4B) and
the sedimentation velocity results (Fig. 3B). The shadowed
images also suggested that SIR3p causes clustering of nucleo-
somes (panel 2, black arrows). Diverse and complex nucleo-
protein structures were assembled by SIR3p at higher protein
concentrations. Figure 4F1 (/{SIR3p]*> = 4) shows two single
chromatin fibers that were condensed and appeared to be
coated with SIR3p, while Fig.4F2 and 3 show oligomeric su-
prastructures formed by fiber-fiber bridging. The structures in
Fig. 4G1 to 6 revealed domains that may represent individual
condensed 12-nucleosome arrays (black arrows) in end-to-end
or side-to-side contact. Importantly, the EM data, like the
sedimentation velocity and EMSA results, show that multiple
chromatin fiber species are assembled with differently con-
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FIG. 4. EM of SIR3p-chromatin fiber complexes. (A) Negatively stained 208-12 nucleosomal arrays show 11 to 12 separated nucleosomes with
linker DNA occasionally visible (arrows). (B) At [SIR3p]* of 1, most nucleosomes appear larger, and the total number of particles averages 17
per array, suggesting that the complexes consist of nucleosomes bound with SIR3p and SIR3p bound to linker DNA. (C) At r[SIR3p]* of 2, arrays
are coated with protein, and individual nucleosomes no longer resolved. (D to F) Glycerol dried, shadow-contrasted NAs. (D) Nucleosomes and
linker DNA are clearly seen in untreated NAs. (E) At [SIR3p]® of 1, the population includes some that appear unchanged (E3), some that are
partially compacted with fewer than 12 separate particles resolved (D1 and 2), and some that are completely compacted (D2). (F) At {SIR3p]? of 4, NAs
appear as thickened, compact complexes (arrows) which tend to self-associate. (G) At r[SIR3p]? of 5, thickening and self-association of arrays
continues, and here arrows denote putative domains representing individual NAs. Note that with the glycerol drying technique, unbound SIR3p
is separated from NAs. Scale bars represent 75 nm.
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FIG. 5. Further condensation of SIR3p-containing chromatin upon addition of MgCL,. (A) Sedimentation velocity. A total of 10 wg of
nucleosomal arrays (@) was incubated with 2 mM MgCl, for 30 min (“folded” [O]) or with SIR3p at {SIR3p]? of 2 for 30 min (). The nucleosomal
arrays in salt were then incubated at /{SIR3p]? of 2 for 30 min (A), while the chromatin fibers with /{SIR3p]? of 2 were incubated in 2 mM MgCl,
for 30 min (A). The resulting integral distribution of S (corrected for water at 20°C) over the bottom 80% of the boundary is shown (the top 20%
of the boundary consisted of unproductive aggregates). (B) EM. Negatively stained preparations (1, 3, and 5) of nucleosomal arrays fixed in 2 mM
MgCl, are partially condensed (compare to Fig. 4D4 to 6). In the presence of /[SIR3p]? of 2, additional condensation occurs (2, 4, and 6). Scale
bars represent 100 nm. (C) Self-association of SIR3p-bound chromatin arrays. Nucleosomal arrays were incubated with /[SIR3p]* of 0 (O), 1 (®),
and 4 (V) prior to the addition of MgCl,. The differential sedimentation assay was performed as described in Materials and Methods.

densed structures as the SIR3p concentration is increased. As
will be discussed below, these properties are likely related to
the mechanism of SIR3p spreading when overexpressed in
vivo.
SIR3p-bound chromatin fibers undergo salt-dependent
folding to form hypercondensed secondary and tertiary chro-
matin structures. All of the experiments examining chromatin
fiber structures thus far (Fig. 3 and 4) were performed in
low-salt buffers to prevent induction of the endogenous folding
and oligomerization pathways governed by salt concentration
(26). Given that both the SIR3p-driven and endogenous con-
densation pathways appear to share some of the same deter-
minants (e.g., the H3 and H4 tails) under physiological salt
conditions, we wanted to test whether the two pathways are in
competition. To examine this question, we performed order-
of-addition experiments in which chromatin fibers were incu-

bated in 2 mM MgCl, to induce folding prior to SIR3p binding
or in which SIR3p was prebound to fibers that were subse-
quently incubated with 2 mM MgCl,. These samples were then
subjected to sedimentation velocity analysis to determine the
sedimentation coefficient distributions of the resulting SIR3p-
chromatin fiber complexes. The data obtained for chromatin
fibers with 7[SIR3p]? of 2 are shown in Fig. 5A. As seen pre-
viously (Fig. 3B), incubation of the parent nucleosomal arrays
with SIR3p in low salt increased the G(s) distribution from
~30S to 50 to 60S. Surprisingly, incubation of these arrays in 2
mM MgCl, led to further increases in the G(s) distribution to
60 to 80S. In the reverse experiment, incubation of the parent
nucleosomal arrays in 2 mM MgCl, resulted in the 30 to 55S
G(s) distribution characteristic of endogenous folding into
30-nm fibers (17, 26, 53). When these folded chromatin fibers
were incubated with SIR3p at r[SIR3p]? of 2, the G(s) distri-



3570 McBRYANT ET AL.

bution increased to 60 to 80S and was essentially the same as
the distribution of SIR3p-bound fibers that were subsequently
exposed to salt. Identical results were obtained with 7[SIR3p]?
of 5 chromatin, except that they formed faster-sedimenting
complexes (data not shown). We next used EM to visualize the
influence of salt on the structure of chromatin fibers with
{SIR3p]? of 2 (Fig. 5B). Chromatin fibers in 2 mM MgCl, in
the absence of SIR3p (Fig. 5B1 to 3) exhibit the partially
condensed morphology expected (5). The addition of SIR3p
led to both a thickening of the fiber and hypercondensation,
i.e., fibers that were significantly more condensed than those
obtained with SIR3p or salt alone (Fig. 5B4 to 6), further
illustrating that the endogenous and SIR3p-dependent con-
densation pathways function independently and additively. We
also examined MgCl,-dependent chromatin fiber oligomeriza-
tion (55) at r{SIR3p]* of 1 and 4 (Fig. 5C). The results indi-
cated that the SIR3p bound chromatin fibers oligomerized at
slightly lower MgCl, concentrations than the parent nucleoso-
mal arrays. However, as with folding, the most important as-
pect of this result is that extensive binding of SIR3p to the
chromatin fibers did not prevent salt-dependent self-associa-
tion.

DISCUSSION

Our previous work suggested that SIR3p may have the abil-
ity to assemble chromatin fibers into uniquely condensed sec-
ondary and tertiary chromatin structures (20). Here, we have
characterized the molecular determinants of SIR3p-chromatin
fibers interactions and defined the sequence of biochemical
events involved in SIR3p-dependent changes in chromatin fi-
ber morphology. In our experimental design, purified recom-
binant SIR3p at ~0.02 to 1 wM was added to naked DNA,
NCPs, and nucleosomal arrays under various solution condi-
tions, and the resulting SIR3p-bound complexes were exam-
ined by the complementary methods of EMSA, sedimentation
velocity, and EM. To properly interpret the resulting biochem-
ical and EM data, one must take into account the complex
quaternary structure of SIR3p when free in solution. The 113-
kDa full-length SIR3p monomer sediments at 6S (39). Under
physiological salt conditions and at submicromolar protein
concentrations, the 6S monomer forms a stable 8S dimer (39),
most likely arranged in an antiparallel orientation (33). When
the SIR3p concentration is raised into the micromolar range,
the dimers reversibly and specifically self-associate into 13S
tetramers and a series of higher-order oligomers that sediment
from 16 to >80S. Extrapolation of these results to the present
experimental conditions suggests that 8S (~226 kDa) dimers
were the predominant species in solution in the EM experi-
ments and that mixtures of dimers and higher-order oligomers
were present at the higher Sir3p input ratios used in some of
the EMSA and sedimentation velocity experiments. In support
of this conclusion, free SIR3p in EM images (Fig. 1) had a
spherical shape that was roughly the same size as a ~205-kDa
NCP. Another important ramification is that within any given
experiment, increasing the SIR3p concentration will shift the
equilibrium in favor of more SIR3p-SIR3p interactions.

In view of the oligomerization properties of the free protein,
we wondered how the propensity of SIR3p to self-associate is
related to the way it interacts with and condenses chromatin
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fibers. Several lines of evidence indicate that both nucleosomal
subunits and linker DNA are targets for SIR3p binding to
chromatin fibers. In the former case, SIR3p binds readily to
NCPs lacking free DNA (Fig. 2A). Further, SIR3p and nucleo-
somes mostly colocalize in EM images, producing structures
that are thickened but retain the beaded morphology of the
underlying chromatin fibers (Fig. 4). In the case of linker
DNA, Fig. 1 demonstrates cooperative binding of SIR3p to
naked DNA, and the stepwise loading of SIR3p observed in
the EM experiments shows a gradual “filling in” of the inter-
nucleosomal linker DNA as the amount of SIR3p is increased
(Fig. 4D to G). Also note that the EM results detected more
than 12 SIR3p molecules bound to each 12-mer nucleosomal
array at higher SIR3p concentrations. Taken together, our
results indicate that interaction of SIR3p with chromatin fibers
is not simple and that each SIR3p dimer is likely to be engaged
in many different protein-protein and protein-DNA interac-
tions, including interactions with itself.

Another goal of the present study was to examine the effects
of SIR3p binding on chromatin fiber morphology using bio-
chemical (Fig. 3) and EM approaches (Fig. 4). Both types of
data are in excellent agreement, and together they suggest a
multistep pathway leading to chromatin fiber condensation by
SIR3p. The initial step involves binding of SIR3p dimers to the
nucleosomal and linker DNA sites on single fibers, as discussed
above. As more SIR3p dimers are added they saturate the
remainder of the primary nucleosomal sites, followed by addi-
tional binding to the SIR3p-nucleosome complexes to yield the
thickened beaded 50 to 60S structures seen at 1{SIR3p]* = 2
(Fig. 4C). At r[SIR3p]? of both 1 and 2, SIR3p-nucleosome
interactions lead to local nucleosome clustering and fiber com-
paction. We believe this is most likely reflective of bridging
interactions between SIR3p dimers and its nucleosomal and
linker DNA binding sites on the same fiber. Although we
obtained no evidence for intermolecular fiber-fiber interac-
tions at 7[SIR3p]? of =2, as r[SIR3p]? was raised to 4 to 5 the
shadowed EM images showed oligomeric suprastructures
whose morphology appeared to display interfiber interactions.
Assembly of these oligomers represents the final step in the
condensation pathway in vitro, although in our studies the size
of the oligomers continued to increase with increasing SIR3p.
Ultimately, our studies show that SIR3p oligomerization re-
mains concentration dependent and indefinite, even when
SIR3p is bound to chromatin fibers (Fig. 3 and 4) or DNA (Fig.
1). Moreover, these results directly document concentration-
dependent “spreading” of SIR3p oligomers on chromatin fi-
bers in vitro under conditions that mimic in vivo overexpres-
sion experiments where SIR3p spreading is known to occur
(47, 49, 59; see also below).

In addition to revealing how SIR3p functions as a CAP,
these studies have also yielded new information about the
interplay between endogenous and protein-mediated chroma-
tin condensation pathways. Endogenous, salt-induced chroma-
tin fiber condensation has been widely studied for over 30
years. With increasing salt, chromatin fibers first fold into a
fiber ~30 nm in diameter based on a zigzag two start geometry
(52). Endogenous folding is heavily dependent on the H4 NTD
and the contacts it makes with the surface of adjacent nucleo-
somes (13, 35, 64). As the salt is increased, chromatin fibers
cooperatively self-associate through a process that involves all
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four core histone NTDs (22). Recent cross-linking studies
show that the H3 NTDs make intrafiber and interfiber contacts
with DNA during self-association (32, 68). Much attention has
been paid to the role of the H3 and H4 NTDs in SIR-depen-
dent silencing (7, 27-30, 32, 36, 45, 63). Thus, the endogenous
condensation pathways clearly share many of the same macro-
molecular determinants as the SIR3p-mediated pathway.
Hence, we wondered whether the two pathways are mutually
exclusive and were surprised to find that they were instead
additive and independent (Fig. 5). One possible explanation
for this result is that one of the common binding determinants
(e.g., H4 NTD) is available to both pathways, and only partial
engagement of the binding sites is needed to drive condensa-
tion. In other words, in salt solutions, endogenous folding
occurs before all of the H4 NTDs are engaged with neighbor-
ing nucleosomal surfaces, leaving some H4 NTDs available for
binding to SIR3p. In this regard, the maximum extent of H3
NTD cross-linking to chromatin during salt-dependent oligo-
merization is only ~30% (31, 68). Alternatively, SIR3p may
mediate chromatin condensation exclusively through non-tail
(e.g., linker DNA and nucleosome surface [4, 46, 60, 65])
interactions, leaving the tails available for the endogenous
pathway. While the endogenous and SIR3p-dependent path-
ways together produced hypercondensed chromatin fibers, i.e.,
fibers that were significantly more condensed than obtained
with SIR3p or salt alone, the linker DNA was freely accessible
to digestion by EcoRI (20; data not shown). Thus, another
important ramification of the present study is that extensive
chromatin fiber condensation does not automatically correlate
with binding site inaccessibility and thus repressed function.
Although more work is needed to understand how multiple
condensation pathways can coexist, these results suggest that
the specific nucleoprotein structure of any given region of the
genome is dictated by both endogenous nucleosome-nucleo-
some interactions and effects contributed by the specific archi-
tectural protein(s) in that region.

How do these results relate to SIR-dependent silencing in
yeast in vivo? SIR-dependent silencing at telomeres relies
on at least three SIR proteins, SIR2p, SIR3p, and SIR4p,
which are believed to act in a complex (19, 41, 50). However,
the existence of a stable SIR2p-SIR3p-SIR4p complex has
yet to be documented biochemically in vitro. Thus, SIR-
dependent silencing may involve regulated interaction of
SIR3p with a SIR2p/SIR4p complex, leaving some SIR3p
bound within the silent chromatin. When SIR3p is overex-
pressed in vivo, transcriptionally silent regions near the telo-
meres are extended beyond their normal boundaries, and
these regions are depleted of SIR4p and SIR2p (28, 47, 59).
This phenomenon has been referred to as SIR3p-dependent
spreading of silent chromatin. The absence of SIR2p and
SIR4p, together with the increasing molar ratios of SIR3p to
nucleosome used in our experiments, likely reproduces
many elements of the extended silent architecture in vivo.
Unless interactions with SIR2p or SIR4p abolish the exten-
sive SIR3p self-association that occurs when free in solution
and when bound to DNA or nucleosomal templates, our
observations are likely to be relevant to the role of SIR3p in
establishment of the chromatin architecture at native telo-
meres as well.
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