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ABSTRACT: Recent studies of the mechanisms involved in the regulation of gene expression in eukaryotic
organisms depict a highly complex process requiring a coordinated rearrangement of numerous molecules
to mediate DNA accessibility. Silencing in Saccharomyces cerevisiae involves the Sir family of proteins.
Sir3p, originally described as repressing key areas of the yeast genome through interactions with the tails
of histones H3 and H4, appears to have additional roles in that process, including involvement with a
DNA binding component. Our in vitro studies focused on the characterization of Sir3p—nucleic acid
interactions and their biological functions in Sir3p-mediated silencing using binding assays, EM imaging,
and theoretical modeling. Our results suggest that the initial Sir3p recruitment is partially DNA-driven,
highly cooperative, and dependent on nucleosomal features other than histone tails. The initial step appears
to be rapidly followed by the spreading of silencing using linker DNA as a track.

The regulation of gene expression in eukaryotes is de-
pendent on several sets of proteins that regulate DNA
accessibility. In this context, the level of chromatin compac-
tion plays a central role in the transition from a transcription-
ally active to a repressed state. In yeast, gene silencing
requires the establishment of a specific chromatin configu-
ration that displays a high level of similarity to the hetero-
chromatin conformation observed in higher eukaryotes.
Saccharomyces cerevisae possesses a set of specialized
proteins called silent information repressors (Sir' 1—4 (1))
that, in combination with ORC1 and RAPI, promote
nucleation and spreading of silencing at specific loci (2). Sir2
is a NAD-dependent histone deacetylase (/), and Sir3p and
Sirdp are structural chromatin-associated proteins initially
described as N-terminus binding partners for histones H3
and H4 (2—6). The mechanism of Sir-mediated silencing is
intimately linked with structural modifications of chromatin
(3, 4, 7). The recruitment of Sir3 and Sir4 has initially been
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described as a process mediated by their binding to the
histone tails of H3 and H4 (3, 4), although biochemical data
indicate that the tails are not needed for binding to chromatin
in vitro (8, 9). Recent publications have also indicated a
potential role for double-stranded DNA (dsDNA) in the
establishment of silencing theorizing that the DNA itself may
provide a means for establishment and/or spreading of
silencing (7, 10). Our initial experiments suggested that Sir3p
would bind more readily to the linker DNA in chromatin
than to DNA wrapped around a histone octamer, but in a
different manner than that of linker histone (7). In addition,
the Sir3p concentration was shown to affect chromatin
fiber—fiber interactions, resulting in potential large-scale
chromatin reorganization (7).

The goal of this study is to provide a better delineation of
the role of nucleic acids in the Sir3p-mediated recruitment
and formation of supramolecular structures in vitro. To this
end, we have carried out experiments using normal and
tailless nucleosome arrays as controls, as well as nucleic acid
fragments of various compositions, lengths, and conforma-
tions. The study also includes analysis of Sir3p binding as a
function of Sir3p and DNA concentrations to mimic possible
changes in local concentrations within the nucleus.

To determine the effect of DNA conformation on Sir3p
recruitment, we used several short linear DNA fragments
with various intrinsic bendabilities. Our results indicate that
Sir3p does not significantly differentiate between linear,
curved, or bent DNA. However, a synthetic four-way
junction (FWJ) designed to mimic the nucleosomal entry—exit
DNA region (/1) is a poorer substrate for DNA binding.
Using a binding assay employing DNA fragments of
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decreasing sizes, we determined that Sir3p binding occurs
over templates as small as 12 bp. Finally, we investigate the
influence of Sir3p molarity on intermolecular DNA bridging
using either DNA, nucleosomal arrays (NA), or trypsinized
or tailless NAs as binding templates and find that an
increased local concentration promotes DNA bundling.
Electron microscopy images are consistent with our elec-
trophoretic mobility shift assay (EMSA) results and dem-
onstrate the presence of Sir3p-induced layered DNA frag-
ments. In combination with our observations that Sir3p can
efficiently form complexes with tailless NA (7, 9), we
conclude that the mechanism by which Sir3p induces gene
silencing not only is associated with histone tails but is in
part DNA-driven.

EXPERIMENTAL PROCEDURES

Sir3p Purification. The protein was purified from SF9 cells
infected with a recombinant bacculovirus containing a
recombinant Sir3p sequence fused to six C-terminal his-
tidines (7, 13). After 40 h, nuclear extracts prepared from
infected cells were purified through a Ni affinity chroma-
tography column followed by Q-Sepharose (/3). After
purification, Sir3p was dialyzed against HSEGN (5 mM
HEPES, 0.1 mM EDTA, 5% glycerol, 10 mM KCI, 0.1%
NP-40). The concentration was determined by spectroscopy
based on the extinction coefficient and confirmed by
comparison to BSA standards after SDS—PAGE as described
in Georgel et al. (/4). Alternatively, Sir3p was overexpressed
and purified from a bacterial system as follows. Sir3p was
expressed from pJC52 (7) in BL21 cells (Stratagene).
Expression was induced by addition of IPTG to a final
concentration of 1 mM for 5 h in the presence of 3% ethanol.
Sir3p was purified using a TALON metal affinity resin
(Clontech) according to the manufacturer’s specifications.
The protein was subsequently dialyzed against HSEGN, and
the concentration was calculated by comparing Coomassie
blue staining against that of purified BSA and confirmed by
spectroscopy based on the extinction coefficient. Note that
both forms of Sir3p displayed indistinguishable nucleic acid
and chromatin binding properties when used for titration
experiments.

DNA and Nucleosomal Arrays. The 208-7 and 208-12
DNA templates containing repeats of the 5S rDNA from
Lytechinus variegatus were purified from plasmids pPol I
208-7 and pPol I 208-12 (/5), after digestion with Hhal,
followed by gel-filtration purification, as described in Hansen
et al. (/6). Histone octamers were purified from chicken
erythrocytes (/5), and tailless histones were prepared by
limited trypsin digestion as described by Fletcher and Hansen
(17). Nucleosome arrays (normal or tailless) were reconsti-
tuted by salt dialysis at a ratio of 1.1 mol of octamer to 1
mol of 208 bp DNA (/8). The efficiency of reconstitution
was analyzed by ultracentrifugation and quantitative agarose
gel electrophoresis (QAGE), as described by Fletcher et al.
19).

PCR Fragments and Oligomers Used for Gel Electro-
phoresis Analysis. The linear DNA fragment referred to as
“straight” was prepared by PCR amplification using the
plasmid pdHSP XA 0.5 (20) as the template and primers pl
and p2 encompassing positions —185 to —165 (pl: 5’TCG
AGA AAT TTC TCT GGC CG3’) and +18 to +36 (p2:
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5'TTC GCG ATG TGT TCA CCT3’) from the Drosophila
hsp70 gene. The 199 bp “bent” fragment encompassing the
Acanthamoeba histolitica RNA polymerase 1 binding site
was generated from the plasmid pPol I 208-12 (15) using
primers p3 (5°CGC TCG TTT TAC AAC GTC3’) and p4
(5’CCG CAC AGA TGC GTA AGG3).

The 208-1 5S rDNA was used as a source of material for
the “curved” fragment. It was prepared by Awval digestion
of the 208-12 DNA fragment (10 units/ug of DNA for 60
min at 37 °C) and gel-purified after electrophoresis in a 1%
agarose gel. The 100 bp fragment was prepared by PCR
amplification (primers). The 50 bp fragment was also PCR-
amplified using primers p5 (5’TCG ACG AAG CGC CTC
T3") and p6 (5’AGG CGC GCT CTC TCT C3’) and the
plasmid pdHSPXA 0.5 as template (20).

The 32 bp fragment was generated by annealing primers
p7 (5TTC AGG CGC GCG CTA GCG AAG CAA CAG
AG3’) and p8 (5’CTC TGT TGC TTC GCT AGC GCC CGC
CTG AAZ3’). The 12 bp fragment was generated similarly
by annealing primers p9 (5TCA CTT ATT TGT3’) and p10
(5ACA AAT AAG TGA3).

Evaluation of DNA Curvature. The “straight”, “bent”, and
“curved” DNA conformations were assessed by QAGE, and
the DNA fragments were electrophoresed in multigel as
described in Fletcher et al. (18). The effective radii (R.) were
determined using the equation:

w' ;= (1= RJPY

where u represents the mobility of the fragments, u’, is the
surface-charge density, R, is the effective radius, and P, is
the pore size of the agarose gels [S00 ng of DNA plus 500
ng of T3 phage (used as an internal marker)]. After 4 h of
electrophoresis at 1.33 V/cm in TAE buffer, the multigels
were stained with SYBR green for 30 min. The distances of
migration of all samples were measured, and P. was
calculated from the information obtained from the concomi-
tant electrophoresis of the T3 phage internal marker, whose
known size allows calibration (/9). The DNA conformations
and overall curvatures were then estimated based on their
respective sizes and R, values. The theoretical calculations
to determine the conformation of the DNA fragments were
performed using the Trifonov algorithm, as described in
Georgel and Robert (22).

Reconstitution of a Four-Way Junction. The four-way
junction template was assembled from four separate oligo-
nucleotides (FWJ1, GATCCTAGGCCTCACGTATTATATC-
GATGCATGCG; FWIJ2, AATTCGACGATCGAAGCT-
GAATACGTGAGGCCTAGG; FWJ3, ACCATGCTC-
GAGATTACGAGCAGCTTCGATCGTCG; FWJ4, TTCG-
CATGCATGCATCGATATCTCGTAATCTC-
GAGCATGG) and by sequentially annealing equimolar
amounts of two subsets of single-stranded oligos at 65 °C.
First, oligonucleotides FWJ2 and FWJ3 were incubated in
standard TE buffer (10 mM Tris HCI and 1 mM EDTA) at
65 °C for 10 min and then slowly cooled (~1—2°min) to
10 °C to allow the formation of DNA duplexes. Oligonucle-
otides FWJ1 and FWJ4 were treated similarly. The two
intermediate DNA products (duplexes) were mixed together,
reheated to 65 °C, and again slowly brought down to 10 °C.
The formation of the four-way junction structure was
monitored and confirmed by electrophoresis in a 10%
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nondenaturing acrylamide gel by comparing the respective
electrophoretic mobility of the single-stranded oligonucle-
otides, the intermediate duplexes (FWJ2—FWIJ3 and FWJ1—
FWJ4), and the completed four-way junction, as described
by Panyutin et al. (23). On the basis of the measured intensity
of SYBR green staining, we estimated that 90% of the single-
stranded oligonucleotides were incorporated into four-way
junctions (data not shown).

Sir3p—Nucleic Acid Electrophoretic Mobility Shift Assays
(EMSA). Sir3p titrations of DNA templates were performed
using electrophoretic mobility shift assays. A given quantity
of Sir3 protein was mixed with the DNA template and
equilibrated at 25 °C for 30 min. The EMSA were performed
using DNA at either 5 or 10 ng/uL. The experiments were
compared using the same values of Sir3p molar ratios (r5i3,
corresponding to moles of Sir3 per moles of 208 bp DNA,
as defined in Georgel et al. (7)). Aliquots (10 4L for normal
EMSA or 20 uL in competition assays) of the equilibrated
solutions containing different amounts of Sir3p were loaded
onto 1% agarose gels (longer fragments: ~200 bp and above)
or 6% acrylamide (shorter DNA fragments: 12—100 bp and
single-stranded DNA) for quantification of the free DNA
template band by integration of the Southern blot signal
intensities (using NIH ImageJ). In each quantified gel, control
lanes containing DNA with no added Sir3 were loaded and
coelectrophoresed in order to provide internal calibration
standards, which also provided an estimate of the standard
deviation of measured free DNA values.

Electron Microscopy. Samples were prepared for transmis-
sion electron microscopy essentially as described (12).
Briefly, DNA and Sir3p were mixed at the desired concen-
trations in HEN buffer (10 mM Hepes, 0.25 mM EDTA,
and 2.5 mM NaCl), held at room temperature for 30 min,
and then fixed with 0.1% glutaraldehyde for 4 h at 4 °C
before overnight dialysis into HEN. Samples were diluted,
applied to glow-discharged carbon-coated grids, and posi-
tively stained with 1% aqueous uranyl acetate followed by
extensive washing. Grids were examined in a Tecnai 12 TEM
operated at 100 kV in the tilted darkfield mode, and digital
images were recorded using a TVIPS 2024 x 2024 CCD
camera.

Analysis of Binding Curves. Binding analyses typically
refer to measurements of the amount of bound complex
formed as a function of increasing concentration of ligand.
However, for a variety of reasons, protein—DNA complexes
often cannot be unequivocally identified and quantified
directly from gel retention assays. The free template con-
centration, m, is more easily estimated and is directly related
to the chemical potential of the DNA template in the
equilibrium solution (22). A classical approach to the for-
mulation of multiple binding equilibria is through the binding
polynomial or binding partition function, P, which is a
function of all relevant protein-binding reactions to the
template (24, 25). For a nonaggregating system, the chemical
potential, uy, is related to the binding polynomial by the
relation:

Uy =ty — RT In P(x) (1)

in which wuy,° is the chemical potential under reference state
conditions (here defined in the absence of ligand) and x is
the Sir3p ligand concentration. The concentration of free
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DNA template, m, relative to the total concentration, mq, iS
obtained by

mi/m,, = 1/P(x) 2)

For a system in which concentrations are low enough for
activity coefficient effects to be neglected, P(x) is simply a
sum of terms, each representing the concentration of a DNA
species (bound by zero or more Sir3p ligands) relative to
the unbound DNA template concentration. (The simplest
example is a single-site binding model, or P = ([M] +
[MX])/[M] = 1 + kx, where k is the affinity constant in M!.)
Several binding polynomials (P) representing different bind-
ing models were formulated following standard procedures
(e.g., refs 25 and 26) and tested against the gel-retention assay
data.

independent sites: P, = (1 + kx)" (3a)

sites interacting in pairs: P, = (1 + 2kx + 0k’x>)">
(3b)

perfectly cooperative model: P, =1+k"x" (3¢)

nearest-neighbor model: P, = (1, DA"(1, 0)' (3d)

In these equations k represents the intrinsic site affinity
(units of M™"), the dimensionless parameter O gives the
multiplicative increase in affinity due to cooperative interac-
tion with another bound site, n represents the number of Sir3p
binding sites on the template, and A is a 2 x 2 transfer matrix
with the top row (1, 1) and the bottom row (kx, dkx).

Given x,, and my, the total concentrations of Sir3p and
DNA template, respectively, the free concentration of Sir3
in the equilibrium solution was obtained by solving the mass-
balance equation: the total Sir3 concentration is written as
the sum of the free and bound Sir3, the latter being expressed
in general form by a logarithmic derivative of the binding
polynomial (26), giving
=x+(dIn P(x)/d In x)m,, 4)

xlot

Equation 4 implicitly defines the free Sir3p concentration,
x, as a function of the total Sir3p and DNA concentrations
and the other binding parameters contained in P(x). A
bisection algorithm was used to obtain x at each total Sir3p
concentration. Binding parameters were determined by fitting
the free DNA template fraction (eq 2) versus total Sir3p
concentration using the Marquardt algorithm for the different
models for P(x) given in eqs 3.

RESULTS

We have recently demonstrated that Sir3p can interact
directly with long dsDNA (~2500 bp) and that the DNA
component(s) of chromatin contribute(s) to its recruitment
(7, 9). As previous studies have strongly suggested that Sir3p
does not display any significant DNA sequence specificity
(27—29), we focused our attention on binding as a function
of DNA conformation and size. To further characterize the
contribution of the DNA component of chromatin, we
performed numerous EMSA and electron microsocopy (EM)
imaging experiments to precisely assess the effect of DNA
length and conformation, as well as Sir3p molarity, on
binding and formation of higher order complexes.
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FIGURE 1: Sir3p binding efficiency to DNA is similar to that of tailless NA. (A) Binding of Sir3p to 208-12 DNA. Lane 1 contains the 1
kb + DNA marker. Lane 2 corresponds to 208-12 DNA alone. Lanes 3—7 are binding of Sir3p to 208-12 DNA at increasing 7> ratios
(from 1 to 16 Sir3 per 208 bp of DNA). The white arrowhead (lane 7) indicates the position of supramolecular complexes. (B) Binding of
Sir3p to 208-12 NA. As described above lane 8 contains the 1 kb + DNA marker and lane 9 is NA alone. Lanes 10—14 correspond to NA
in the presence of increasing 75 ratios. (C) Binding of Sir3p to 208-12 tailless NA. Trypsinized arrays were used as templates. Lane 15:
1 kb + DNA marker. Lane 16: NA tailless alone. Lanes 17—21 correspond to NA in the presence of increasing '™ ratios. All EMSA were

performed under high DNA concentration (10 ng/uL).

Binding Ability of Sir3p to DNA and NAs. As controls,
the binding of Sir3p to 208-12 normal and tailless nucleo-
somal arrays (NA) and parent 208-12 DNA was confirmed
by EMSA under previously described conditions (7). The
results indicated that Sir3p appears to bind cooperatively to
the DNA template (Figure 1). We also noted that the lack
of histone tails does not appear to impede Sir3p binding to
nucleosomal arrays (compare Figure 1, panels B and C, lanes
11—14 and lanes 18—21). As the molar ratio of Sir3p was
increased, we observed the formation of very large DNA—
Sir3p complexes, represented by material that did not migrate
very far from the wells (see white arrowhead in Figure 1,
panel A, lane 7). Under this set of experimental conditions
(50 ng of DNA in a final volume of 10 L), the phenomenon
was observed only with the 208-12 DNA template. This
observation confirms the formation of the previously de-
scribed Sir3p-associated supramolecular complexes (7).

Length Dependence: Sir3p Binds Differently to DNA
Fragments Shorter than 208 bp. To test Sir3p binding as a
function of DNA length in a context relevant to chromatin,
we first monitored Sir3 binding activity to fragments that
could accommodate 1, 7, and 12 nucleosomes. As we
increased the size of the DNA from 208 bp using single unit
or tandemly repeated copies of the 208 bp 5S rDNA from
L. variegatus (15) (Figure 2A, panel A) to 1456 bp (7 repeats
of 208 bp DNA, Figure 2A, panel B) and 2496 bp (12 repeats
of 208 bp DNA, Figure 2A, panel C), we did not observe
any significant difference in binding behavior. Sir3p molar
ratios (5%, normalized to 208 bp) from 1 to 16 were tested.
At 53 from 4 to 16, the Sir3p—DNA complexes that form
are heterogeneous as seen by the presence of a smear (see
Figure 2A, panels A—C, lanes 4—6). Based on the deter-
mination of free DNA half-depletion for each DNA length,
no significant difference was observed as a function of the
DNA size, suggesting that the actual number of 5S rDNA

repeats does not play a critical role in Sir3p binding.
Interestingly, as the molar ratio is increased, the Sir3p—DNA
complexes become too large to migrate significantly in the
1% agarose gels (as seen by accumulation of material in the
wells). In conclusion, the Sir3p affinity for DNA fragments
in the size range from 208 to 2496 bp did not appear to vary
significantly.

Our initial results indicated that Sir3p binding to NAs
leaves the linker DNA highly accessible for restriction
enzyme cleavage (7), although more recent studies have
suggested a possible role for linker DNA in Sir3p binding
(9). To further investigate this issue and to determine the
minimal length requirement for Sir3p binding, we performed
additional EMSA experiments with DNA fragments ranging
from 12 to 100 bp (Figure 2B). Note that agarose gels did
not give a sufficient resolution and that we switched to an
acrylamide system to investigate the formation of Sir3p—DNA
complexes. Sir3p was added to the DNA at '™ ranging from
1 to 8. In all cases, Sir3p binding was very efficient, even at
13 of 1 to 2 (Figure 2B, lanes 3 and 4 for each panel).
Higher molecular weight complexes were observed (as
indicated by accumulation of material close to the wells; see
open triangles in Figure 2B) for all DNA templates. Well-
defined complexes were observed with DNA fragments of
32 and 12 bp at 7517 of 1 to 4. When the ' was increased
to 8, additional bands (Figure 2B, black triangles) corre-
sponding to higher molecular weights were present, sug-
gesting oligomerization of the initial Sir3p—DNA complexes.
Combining this observation with earlier results using 208-
12 DNA or NA (7) leads to a model describing large
supramolecular complexes involving trans interactions be-
tween individual DNA or NA molecules. These observations
are consistent with a role for short linear stretches of linker
DNA in Sir3p—chromatin fiber interactions.
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FIGURE 2: (A) Binding of Sir3p as a function of DNA length. Panel A: Binding of Sir3p to 208-1 DNA. Lane 1 corresponds to 208-1 DNA
alone. Lanes 2—6 correspond to 208-1 DNA in the presence of increasing 75 ratios (from 1 to 16 Sir3p per 208 bp of DNA). The location
of DNA marker fragments is indicated on the left side of each panel. Panel B: Binding of Sir3p to 208-7 DNA. Lane 1: 208-7 DNA
fragment alone. Lanes 2—6, similarly to panel A, are 208-7 DNA in the presence of increasing ' ratios (from 1 to 16). Panel C: Binding
of Sir3p to 208-12 DNA. Lane 1: 208-12 DNA alone. Lanes 2—6: 208-7 DNA in the presence of increasing 7" ratios (from 1 to 16). (B)
Binding of Sir3p to short DNA fragments. Side by side comparison of Sir3p binding ability to DNA of size ranging from 100 bp down to
12 bp. The DNA and Sir3p—DNA complexes were separated using a native 6% acrylamide gel. Lane 1 in each panel contains the 1 kb +
DNA marker. Lanes 2 correspond to DNA alone. Lanes 3—6 contain DNA in the presence of increasing 7™ ratios (from 1 to 8). The white
arrowhead indicates the location of supramolecular complexes (close to the well). The black arrowheads indicate the formation of an
intermediate size complex (32 bp DNA and 12 bp DNA panels). The sizes of relevant DNA bands are indicated on the left of each panel.

DNA Sequence/Conformation Dependence on Sir3p Bind-
ing. Our experiments indicate that both nucleosomal and
DNA components may be involved in Sir3p—chromatin
interactions (ref 30; see above). We were therefore interested
in whether Sir3p showed a preference for DNAs with
different conformations. Specifically, linker DNA may have
a more linear conformation, where nucleosomal DNA would
display a more curved or bent conformation. Based on the
nucleosome core particle structure (8), nucleosomal DNA
is distorted at positions 45 and 100 (positions nearly opposite
the nucleosomal dyad axis), showing a more pronounced
bending. The rest of the nucleosomal DNA is more gently
curved around the histone octamer. To mimic all possible

DNA conformations described for the nucleosome core
particle, we tested three different DNA fragments that would
represent (1) the linker DNA as a linear/straight fragment
(221 bp covering positions —185 to +36 from the hsp70
Drosophila melanogaster promoter region, which displays
a nearly straight conformation), hereafter referred to as
“straight”, (2) the more pronounced bends described over
the nucleosomal DNA at positions 45 and 100 mimicked
using a template containing a sharper bend (a 199 bp
fragment covering the binding site for RNA polymerase 1
from A. histolitica (22), referred to as “bent”, and (3) the
more evenly curved nucleosomal DNA, using the known 5S
rDNA positioning sequence that contains two curves (15, 22),
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(from 1 to 16). Lanes 8—11 contain a serial dilution of “straight” DNA used for calibration in the depletion analysis. Panel B: Similar
experiment using the “bent” DNA as template. Panel C: Similar experiment using the “curved” DNA as template. The sizes of relevant
DNA bands are indicated on the left of each panel. (C) Fraction of free DNA for increasing concentrations of Sir3 protein. Left: “straight”

template (Hsp). Middle: “bent” template (Poll). Right: “curved” template (208-1). Estimated total Sir3 concentrations at '/, DNA depletion
are 0.24, 0.28, and 0.40 uM, respectively.

referred to as “curved”. The actual conformation of all three
fragments was modeled using an algorithm developed by
Trifonov (ref 31, http://hydra.icgeb.trieste.it/~kristian/dna/,
Figure 3A). In Figure 3A, all fragments are represented in

an orientation that reflects the maximum predicted curvature.
To confirm the predicted DNA conformation differences, we

performed QAGE analysis (in triplicate) of the various

fragments to determine their electrophoretic effective radii.
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Table 1: Characterization of Mobility and Sir3 Binding of the DNA
Fragments

straight bent curved
size (bp) 221 199 208
R. (nm) 11.18 £ 0.6 10.37 £ 0.46 9.73+0.3
kM 1.4 (£0.2) x 10°  6.2(£0.2) x 10*  1.36 (£0.02) x 10*
log(d) 1.62 (£0.09) 1.98 (£0.01) 2.44 (£0.003)
n 4.4 (£1.9) 4.5 (£0.5) 5.0 (£0.4)

If the conformation of all fragments was assumed to be linear,
then based on size only, the order of R. would have been:
“straight”, “curved”, followed by “bent”. However, our
results (see Table 1) indicate a conformational component
that confirms the predictions from the Trifonov modeling
algorithm for the various DNA fragments. The smallest R,
was that of the “curved” fragment (9.7 £ 0.3 nm), and the
largest was that of the “straight” DNA (11.18 £ 0.6 nm).
The “bent” DNA fragment had a value between those of the
other two fragments (10. 37 & 0.46 nm). All three fragments
were subjected to EMSA analysis under the lower concentra-
tion (5 ng/uL) conditions described for Figures 1 and 2.
EMSA experiments employed a fixed mass of DNA (50 ng)
that was incubated in the presence of increasing >,
Comparison of half-depletion of free DNA in each panel
(Figure 3B, panels A—C, lanes 7 and 8; 75" of 8 to 16, Figure
3C) showed the “straight” fragment to be the template with
highest Sir3p binding efficiency and the “curved” fragment
(5S rDNA 208-1) to have the lowest binding efficiency. The
difference in binding EMSA shifts between the three
fragments was very small. To confirm this result, we
performed a competition assay mixing all three fragments
in equimolar amounts with increasing 5. The order of
shifting as seen by EMSA matched the expected binding
ability seen when using individual fragments (data not
shown).

The binding of Sir3p to short DNA stretches left open the
possibility that the protein could interact with the nucleo-
somal entry—exit DNA. A four-way junction (FWJ) DNA
template, commonly used as a substitute for the nucleosomal
DNA entry—exit region, was assembled and used as a
template (23). The binding affinity of Sir3p for the FWIJ,
based on half-depletion of free DNA, was significantly lower
than that of any of the tested linear fragments (compare
Figure 3B, panel D, lanes 6 and 7, to Figure 3B, panels A—C,
lanes 6 and 7). This result suggests that Sir3p’s ability to
bind to the nucleosome entry—exit region is low. It is
important to note that, depending on Mg>t and EDTA
concentrations, FWJ can adopt a partially flattened confor-
mation that may interfere with Sir3p binding (32, 33). This
potential conformational change may have affected Sir3p
binding resulting in the observed low affinity. All three linear
DNA fragments’ binding properties were tested by EMSA
and modeled; the results are summarized in Table 1.

Sir3p Binding to DNA Is Highly Cooperative. The analysis
of Sir3p—DNA binding indicates that it is strongly coopera-
tive. To determine the mode of interaction over a wide range
of 5, the 208-1 monomeric unit of the tandemly repeated
208-7 and 208-12 DNA was selected to establish a coopera-
tive binding baseline for Sir3p. It was mixed in the presence
of increasing r°*, and free DNA depletion was then
determined from gels as a function of the total Sir3p
concentration (expressed in micromolar) and analyzed using
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eq 2. The data, run in triplicate, provided a measure of the
intrinsic run-to-run variability of 0.1—0.15 in units of
fractional template concentration. The tendency of the free
DNA to disappear completely after a few steps of the titration
with Sir3p was clearly seen in each experiment.

In order to determine how cooperatively Sir3 was binding,
we tested several different binding models using free DNA
depletion data for the 208-1 template and for the “straight”
and “bent” DNA templates. We first applied a noncooperative
independent-sites model (eq 3a) with a single class of binding
sites. The results of this binding model were very poor: the
standard error of a point of the best fit varied from 0.20 to
0.27 depending on the template, and the noncooperative
model was clearly unable to account for the steepness of
the free template depletion curve. It bears pointing out that
inclusion of additional classes of independent binding sites
would have exacerbated the poor fit, leading to apparent
anticooperativity and consequently an even less steep curve
(24). Adding a cooperative interaction for pairs of interacting
Sir3 binding sites (eq 3b) improved the fit somewhat, but
the standard error of a point of the resulting best fit
(0.14—0.23) was still far larger than the intrinsic errors
associated with the data.

We found that models best representing the free DNA
depletion data involved a high degree of cooperativity in
Sir3p binding to the template. The high cooperativity was
first modeled as a phenomenological “all-or-nothing”, or
perfectly cooperative, association (eq 3c). This simple model
accounted well for the steepness of the template depletion
curves and provided standard errors of 0.1—0.15, well within
in the range of the intrinsic run-to-run variability of the data.
Another cooperative model that has the additional benefit
of being immediately applicable to template DNA of any
length is the nearest-neighbor model (eq 3d). This model
described the data with the same standard error of a point
as the perfect cooperativity model. Although gel data are
not of sufficiently high precision to distinguish between
details of the cooperative model chosen to represent the Sir3p
interaction, the binding results clearly suggest a high degree
of cooperativity in their binding to the naked DNA template.
The fits to the data are shown in Figure 3C. Intrinsic
association constants obtained for Sir3p binding to the
different templates (“straight”, bent”, and “curved”) using
this model are shown in Table 1. All templates show a similar
number of binding sites for Sir3. Binding to the straight DNA
is favored by a factor of 10 over the curved template,
although the cooperative interaction is highest for the curved
DNA.

We also used EMSA to examine Sir3 binding to DNA
templates containing 7 or 12 repeats of the 208 bp sequence.
The free DNA depletion data for the 208-1, 208-7, and 208-
12 templates are shown in Figure 4. As with the 208-1 data
alone, the 208-7 and 208-12 template data are clearly
consistent with cooperative Sir3p binding: a noncooperative
binding model again resulted in a very poor fit. In order to
analyze these data obtained for templates of significantly
different lengths, the nearest-neighbor interaction model was
used (eq 3d). This formulation is more physical than the
perfect cooperativity approach and models the cooperativity
as arising from stabilizing interactions between Sir3p mol-
ecules bound at neighboring sites on the DNA template. This
model also described the cooperative Sir3p binding quite
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FIGURE 4: Sir3p binds cooperatively to DNA. Fraction free/total
DNA template plotted as a function of the logarithm of the total
Sir3p concentration for the 208-1 (open circles), 208-7 (filled
circles), and 208-12 (white squares) templates. Corresponding lines
(dotted, broken, and solid, respectively) indicate the best fit of the
nearest-neighbor model (eq 3d, best-fit SEP 0.10) with binding site
size of 28 & 2 bp (calculated by template length in bp/n), intrinsic
binding constant log(k/l uM~') = —1.88 & 0.03 for the 208-1
template and —2.09 £ 0.02 for the 7- and 12-mers, and nearest-
neighbor interaction term log(d) = 2.47 + 0.04, 2.66 £ 0.03, and
3.22 £ 0.08 for the 208-1, -7, and -12 templates, respectively.

well: the curves shown in Figure 4 correspond to the best fit
of this model to all data sets simultaneously, in which the
total number of sites was defined to be 1, 7, or 12 times
the 208-1 template value. Fitted parameters are given in the
legend of the figure. Another way of illustrating the positive
cooperativity in Sir3p binding is in terms of the dissociation
constant or the inverse of the affinity constant. Intrinsic Sir3p
dissociation constants are on the order of 100 uM, referring
to binding of a Sir3 protein to a site on the DNA with no
Sir3 bound to adjacent sites. In contrast, the effective
dissociation constant at a site neighboring a bound Sir3
protein will be on the order of 0.1 #M. The affinity increase,
given by the parameter 0, is a few hundred to a thousand-
fold for all 208 bp repeat templates.

The formation of 208-12 DNA-Sir3 complexes and co-
operativity were further investigated by EM imaging (Figure
5, panel D) to evaluate stoichiometry and conformation.
Cooperative binding seemed to be favored under the high
DNA and high Sir3p concentration conditions, suggesting a
Sir3p—Sir3p interaction component driven by high local
concentration. The different complexes observed by EMSA
were imaged at various . At low 5 and low DNA
concentration, cooperative binding is evidenced by the
coexistence in the same sample of free DNA fragments
(Figure 5D, panel A) and Sir3p clusters on the DNA (panels
C, D). As the 5" is increased to 8 and 16 and under high
DNA concentration conditions, the DNA becomes coated
with Sir3 clusters (Figure 5, panels E and F) and eventually
forms self-associating DNA—Sir3p complexes (Figure 5,
panels G and H). Once again, the cooperative nature of the
event is evidenced by the presence of Sir3-free DNA
molecules adjacent to Sir3p-associated DNA complexes
(Figure 5, panels D and G).

Sir3p Saturation Affects Complex Formation. On the basis
of our observation linking the formation of higher order
Sir3p—DNA complexes with the actual DNA concentration,
we decided to systematically evaluate its effect on the initial
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Sir3p binding, as well as on the formation of supramolecular
complexes. EMSA experiments were performed using the
same three previously described DNA, NA, and tailless NA
templates under higher DNA concentrations over the same
range of Sir3p molar ratios. The relative binding affinity
observed under 5 ng/ul. DNA concentration conditions
reflected the initial results obtained and described in Figures
1C and 4A—C. The connection between the formation of
supramolecular complexes through DNA and Sir3p interac-
tions was investigated using 10 ng/ul. DNA (Figure 6A,
lanes 13 and 14; see white arrowhead). No large complexes
(running close to wells in agarose gels) were observed under
10 ng/uL DNA conditions with either the NA or tailless NA
(Figure 6A—C, lanes 6—7 and 13—14). Further, we observed
the formation of a well-defined complex and the depletion
of free template at a lower " under 10 ng/uL. DNA
experimental conditions for NA, tailless NA, and naked DNA
(Figures 6A—C; compare lanes 6 and 7 to lanes 13 and 14).
The later depletion of free material and the early formation
of complexes of intermediate size between Sir3p and tailless
NA suggest a role for the histone N-termini, possibly through
electrostatic interactions resulting in a partial masking of the
DNA. The results indicated a strong connection between local
Sir3p concentration and DNA binding efficiency. This
suggests that the local Sir3p concentration may contribute
to the formation of complexes involved in silencing in a
DNA-dependent manner.

Sir3p Interaction with Single-Stranded DNA. After observ-
ing that Sir3p can bind to short dsDNA fragments, we
investigated whether it can also complex with single-stranded
DNA (ssDNA). The primer p7 (32-mer) was used as template
for Sir3p EMSA analysis (Figure 7). The 32-mer ssDNA
complexed with Sir3p even at a ratio of one Sir3p molecule
per DNA molecule and was nearly entirely depleted at a 5™
of 4 (Figure 7, lane 5). Multiple complexes of higher
molecular weight were formed as the 7' was increased,
indicating either multiple binding sites or the formation of
Sir3—DNA oligomers. At 7> of 4 and 8 (Figure 7, lanes 5
and 6), the complexes generated were too large to be resolved
in the gel, and some of the material remained trapped next
to the well area.

DISCUSSION

The ability of Sir3 to contribute to the general silencing
mechanism is well-established (2—4). The development of
silenced regions over the HM loci and telomeres has been
linked to Sir3p interactions with hypoacetylated histone H3
and H4 N-termini (/—3), but despite initial studies (5, 10)
the mechanism of spreading along chromatin fibers remains
poorly explained. We have shown that the Sir3p interacts
with both DNA and the nontail nucleosomal components of
chromatin while establishing a condensed chromatin archi-
tecture. Our results presented here, as well as previously
published work, strongly suggest that the DNA component
may be important in the establishment of silenced regions.
Sir3p—DNA interactions have previously been mentioned
in the literature (7, 9), but no thorough analysis had been
performed to investigate their actual contribution to silencing.
The description of the DNA binding properties of Sir3p as
cooperative and size-, conformation-, and DNA concentra-
tion-dependent opens the door for a more a thorough
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FIGURE 5: EM imaging of Sir3p—DNA complexes at low and high DNA concentrations. 208-12 DNA at a concentration of 5 ng/uL and
1S3 = 4 (panels A—C). Small (black arrow) and large oligomers of Sir3p (gray arrow) can be observed in the background in the presence
of free DNA (panel A). The population also includes complexes with large Sir3p clusters bound to DNA (white arrow) and resulting in
loops (panels B and C). The bar in panel C corresponds to 20 nm. At higher 75 of 8 and high DNA concentration (panels D—F), free DNA
can still be observed (panel D), in addition to molecules that are almost entirely covered by Si3p (panels E and F). Free Sir3p can still be
observed (black arrows). At even higher 5 = 16, the Sir3p-coated DNA complexes appear to associate to form very large supramolecular
assemblages (white arrows, panels G and H). The coexistence of free DNA alongside the large assemblages (panel G) strongly supports the

cooperative model.

understanding of the how Sir3p functions in the initiation
and spreading of silencing.

Importance of Nucleosomal DNA Features for Sir3p
Binding. Our Sir3p binding analysis indicates high affinity
for naked DNA, cooperative binding at higher /5", and,
importantly, the influence of local Sir3p concentration, all
of which support a model where initial Sir3p recruitment
and spreading would consist of three separate steps. The
initial recruitment of Sir3p to a chromatin or DNA template
in vivo has been shown to involve Sirdp (3) and histone tail
deacetylation by Sir2p (34), brought together through
interactions with the H3 and H4 N-termini. The level of
acetylation of histone H3 appears to be intricately linked to
the regulation of the efficiency of the initial Sir3p mobiliza-
tion and may contribute to its ability to spread (35). However,
Hoppe and co-workers (36) recently presented evidence for
an alternative mode of action that would involve Sir3p in
spreading silencing in the absence of Sir2—Sir4 complexes
(see also refs 4, 37, and 38). Following this line of evidence,
one can envision a significant role for DNA in spreading of
silencing that may not be dependent on histones H3 and H4.

Our observation that the binding of Sir3p to 208-12 5S
rDNA displays a similar affinity to that of the same DNA
reconstituted into nucleosomal arrays using tailless histones
confirms that Sir3p plays a role in spreading silencing
through DNA interactions (ref 7, Figure 1). Our analysis of
DNA size dependence seems to indicate that DNA larger

than 208 bp is a less efficient target than shorter fragments
(down to 12 bp). This may include association with short
linker DNA, if available for binding. This observation,
combined with the ability of Sir3p to spread silencing in the
absence of Sirdp and Sir2p, suggests a spreading mechanism
involving short stretches of nucleosomal or linker DNA that
would require minimal Sir3p interactions with core histones.
Our analysis of DNA conformation indicates a Sir3p binding
preference for short straight DNA fragments. At equal molar
ratio, potential interactions between Sir3p and nucleosomal
DNA could be mediated through recognition of short
stretches of straight DNA. As was described by Luger et al.
(8), the last 10 bp segment at the edge of the nucleosome
structure (close to the entry—exit location) is mostly straight
and has limited interactions with the histone octamers and,
thus, could provide Sir3 with a preferred DNA binding site.
Another physical feature of the nucleosome core particle may
also be of importance for Sir3p binding to DNA. The
periodicity of histone tails passing through the DNA double
helix at 20 bp intervals (8) may delineate structural domains
that could be preferred targets for Sir3p binding. The 20 bp
interval is of the same order of magnitude as the minimal
observed size that allows Sir3p binding (12 bp, as described
in our size dependence binding analyses, Figure 2B). The
observed differences in binding efficiency to linear DNA of
~200 bp in length are also consistent with such a mode of
interaction. The mostly straight DNA was a slightly better
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FIGURE 6: (A) Effect of DNA concentration of Sir3p binding. Side by side comparison of Sir3p binding ability at 5 ng/uLL (left panel) and
at 10 ng/uL (right panel). Lanes 1 and 8 contain the 1 kb + DNA marker. Lanes 2 and 9 correspond to DNA alone. Lanes 3—7 and 10—14

contain 208-12 DNA in the presence of increasing 7' ratios (from 1 to

16). The white arrowhead indicates the location of supramolecular

complexes (7). (B) Effect of DNA concentration on Sir3p binding to nucleosomal arrays. The same experiment was repeated using NA

instead of DNA. The gel setup is identical to that described in panel

A. (C) Effect of DNA concentration on Sir3p binding to tailless

nucleosomal arrays. The same experiment was repeated using tailless NA instead of DNA. The gel setup is identical to that described in

panel A.

substrate for Sir3p binding, whereas the DNA with highest
curvature interacted less efficiently. In the context of
nucleosomal DNA, the highest curvature is observed at
superhelical (SHL) positions 1.5 (15 bp from the DNA entry
site) and 3.5 and 4 about 15 bp from straighter DNA (around
SHL position 5.5) having fewer histone contacts (8, 39, 40).
The DNA fragments we tested (Figure 3, panels A—C) reflect
such differences in intrinsic or induced curvature. Our results
suggest that Sir3p binding may be more efficient over
straighter portions of the nucleosomal DNA. Since other
proteins such as MENT (47) have been described as cross-
linking nucleosomal DNA at the entry—exit region, we
investigated Sir3p binding to a synthetic FWJ designed to

mimic the nucleosomal linker entry—exit site. The poor
binding of Sir3p to such templates does not support a binding
mechanism similar to that of MENT or even linker histones
(Figure 3, panel D 41, 42) but instead favors a model
involving association with nucleosomal and/or linker DNA.

Cooperative Binding and Sir3p Local Concentration. Our
results strongly suggest a cooperative binding mechanism
for Sir3p to both DNA and NA (Figures 4 and 5). The
binding mechanism that best described the EMSA-based data
is the nearest-neighbor model (see Table 1). The presence
in EM images of DNA entirely devoid of Sir3 proteins
adjacent to templates with high Sir3 occupancy (Figure 5
D) at 5™ ratios as high as 16 also strongly supports our
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FIGURE 7: Sir3p binds to ssDNA. EMSA experiments were
performed using 32-mer ssDNA (primer p7; see sequence in
Experimental Procedures) under similar DNA concentration and
7S conditions to that shown in Figure 2B. Based on DNA
depletion, Sir3p appears to bind short ssDNA as efficiently as short
dsDNA forming complexes of various sizes (white arrows). Lane
1 contains 1 kb + DNA marker. Lane 2 contains ssDNA alone.
Lanes 3—6 are ssDNA in the presence of increasing > (from 1
to 8).

EMSA analysis. Similar gel results for Sir3p have recently
been reported (9). In addition to the observed cooperativity
of Sir3p binding to DNA and NA, we observed that, at
identical 7™ ratios, the formation of Sir3p—DNA or
Sir3p—NA complexes was highly dependent on the actual
substrate molarity at which the experiments were performed
(Figure 5A—C). Increases in local Sir3p concentration appear
to favor cooperative recruitment of Sir3 molecules to the
DNA and chromatin fibers, indicative of a novel mode of
interactions leading to silencing. The formation of higher
molecular weight (seen close to the well during EMSA
experiments, Figure 5SA, lanes 13 and 14, and ref 7), referred
to as supramolecular complexes, was also shown to be highly
dependent on molarity. The high 75 ratios combined with
high molarity leads to the coating of DNA molecules and
also contributes to the formation of assemblages of Sir3p-
covered DNA (see Figure 5D, ™ = 16, at high molarity
conditions). The combination of results obtained with DNA
and tailless NA suggests a limited role for the histone tails
in Sir3p spreading. The cooperative nature of Sir3p binding
and the importance of local concentrations lead us toward a
model where Sir3p silencing would be described as a three-
step mechanism (Figure 8) that bears some similarities to
the binding and recruitment of heterochromatin proteins 1
or HP1 o, f, and y, each playing a complementary
role (43, 44). The initial recruitment of Sir3p would be
dependent on interactions with nucleosomal features that
involve binding to structurally specific DNA conformation
features of the nucleosome core particle (see previous
section). As the local concentration of Sir3p reaches a critical
value, the cooperative mode of binding would favor Sir3p
spreading from occupied sites using DNA as a track. The
binding of Sir3p to DNA also appears to initially promote
the formation of DNA loops (see Figure 5D, panels B and
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FIGURE 8: Model for the DNA-mediated Sir3p binding component.
The model represents only the DNA portion of a chromatin fiber
(the linker DNA is highlighted in red and the histone N-termini in
green). The blue ovals represent Sir3p. The initial Sir3p recruiting
step is mediated by nucleosomal domain interactions. As the local
concentration increases (indicated by the blue triangle), additional
Sir3p—DNA interactions stabilize the complex. Upon further
increase in local concentration, Sir3p cooperative binding to DNA
significantly contributes to the spreading of silencing along the
chromatin fibers (as indicated by the diverging blue arrows).

C) that are reminiscent of the MENT-induced compaction
of chromatin (45). This model is supported by evidence that
Sir3p alone, when overexpressed in yeast, can account for
repression observed at specific loci (4, 36, 37). As the local
concentration reaches its threshold, the Sir3p-coated DNA
fiber would start to interact, probably through DNA—Sir3/
Sir3—DNA bridges. The actual role of the tails of histones
H3 and H4 and their posttranslational modifications remain
to be investigated. To further delineate the Sir3p domains
responsible for spreading of silencing, we have also started
a more thorough analysis of Sir3—DNA affinity using various
Sir3p deletion constructs.

Sir3p Binding to Single-Stranded DNA. The binding of
Sir3p to ssDNA may contribute to the establishment of
functional telomeric complexes. Telomere silencing and
telomere position effect (TPE) are both associated with the
presence of Sir3p in subtelomeric DNA but are also regulated
by the amount of ssDNA available (46). A specific class of
single-stranded binding proteins, including Estl (47), NSR1
(48), GBP2 (48), the yeast protein Rlf6p, and Chlamydomo-
nas reinhardtii Gbpl (49), has been described as binding
single-stranded G-strand telomeric DNA, and it remains
possible that Sir3p also plays a role in this process through
its ssDNA binding activity. This mechanism may have
similarities to that observed using truncated forms of
Rapl (49, 50). Konkel and colleagues have shown that
Rlfp6p is required for the appropriate location of Raplp, a
mechanism that also involves Sir3p and Sirdp (/, 50). A
possible role for Sir3p, consistent with its ssDNA-binding
activity, may include the stabilization of the Rlf6p—Rapl
complex (57). Alternatively, the single-stranded nucleic acid
binding activity of Sir3p may be functionality related to that
of DDPI1, a heterochromatin-associated in Drosophila in-
volved in heterochromatin maintenance and silencing (52).
Further investigations will be necessary to precisely deter-
mine the nature of the role played by ssDNA binding at the
yeast mating-type loci and telomeres.
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