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Elucidating the mechanism of ATP-dependent chromatin remodeling is one of the largest challenges in the field

of gene regulation. One of the missing pieces in understanding this process is detailed structural information on
the enzymes that catalyze the remodeling reactions. Here we use a combination of subunit radio-iodination and
scanning transmission electron microscopy to determine the subunit stoichiometry and native molecular weight
of the yeast SWI/SNF complex. We also report a three-dimensional reconstruction of yeast SWI/SNF derived from

electron micrographs.

SWI/SNF is a large multisubunit assembly that contains the prod-
ucts of several genes originally identified in Saccharomyces cere-
visiae by defects in mating type switching (SWI) and/or sucrose
fermentation (SNF; sucrose non-fermenting)'. Yeast SWI/SNF is
required for expression of a subset of highly inducible genes, as well
as transcription of numerous genes expressed during late mitosis?.
SWI/SNF is highly conserved in eukaryotes, and SWI/SNF com-
plexes from both Drosophila and humans have been implicated in
the transcriptional control of numerous genes?. SWI/SNF com-
plexes have been purified from yeast, Drosophila and humans, and
each of these purified complexes use the energy of ATP hydrolysis
to enhance the accessibility of nucleosomal DNA3. Although
SWI/SNF clearly plays key roles in the regulation of eukaryotic
gene expression, the mechanistic basis for how SWI/SNF uses the
energy of ATP hydrolysis to alter nucleosome structure still
remains a mystery. Here we have addressed this general question by
characterizing the subunit stoichiometry, native molecular weight
(M,,) and three-dimensional structure of yeast SWI/SNE

Subunit stoichiometry of yeast SWI/SNF

First, we established the relative stoichiometry of the 11 different
SWI/SNF polypeptides. Gel filtration analyses have estimated
the native M,, of both the yeast and human SWI/SNF complexes
to be (2 MDa*>. These previous studies, however, yielded only a
rough estimate for the native M,, of SWI/SNF because no protein
standards >660 kDa could be included. Analysis of purified
SWI/SNF by SDS-PAGE suggests that each subunit is present at
1:1 stoichiometry, with the exception of the Swi3p subunit,
which stains more intensely with both silver and Coomassie.
However, the summed M,, of the individual subunits of the
SWI/SNF complex amount to only [l MDa, suggesting that the
SWI/SNF complex may contain two copies of each subunit.

As a first step towards understanding the stoichiometry of
SWI/SNF subunits, we sought to determine the copy number of
the Swi2p/Snf2p ATPase subunit. To this end, we used two dif-
ferent epitope-tagged protein variants of Swi2p to create three
different haploid yeast strains. Two control strains carried alleles
encoding either a triple HA-tagged SWI2 (SWI2-HA;) inte-

grated at the URA3 locus or a Myc,-tagged SWI2 (SWI2-Mycs)
integrated at the chromosomal SWI2 locus. The test strain con-
tained both epitope-tagged proteins. Each epitope-tagged pro-
tein variant was expressed from the normal SWI2 upstream
regulatory region, and each epitope-tagged protein was able to
complement the phenotypes of a swi2 deletion allele (data not
shown), indicating that they are fully functional in vivo.

Whole cell extracts were prepared from each strain, and
SWI/SNF was immunoprecipitated using antibodies specific to
either the Myc or HA epitopes (Fig. 1). In the case of the control
strains, each antisera immunoprecipitated only the expected
epitope-tagged Swi2p, confirming the specificity of these sera. In
the test strain that contains both tagged alleles, immunoprecipi-
tations with the anti-HA sera precipitated only SWI/SNF
complexes harboring the HA;-tagged Swi2p. Likewise, the anti-
Myc sera immunoprecipitated the Myc s-tagged allele of Swi2p,

(HA
My

Thruelhiusliusl

+
(HA) o) (Myey)

e aHA

HA IP
“ B - amyc
- - oy~ aHA

amyc IP T
B P e amyo

Fig. 1 Swi2p was immunoprecipitated from whole cell extracts made
from yeast strains CY831 (SWI2-HA;), CY832 (SWI2-Myc,g) and CY889
(SWI2-Myc,¢/SWI2-HA;). Lanes are labeled I, U or B for input (2.5%),
unbound (2.5%) or bound (100%), respectively. Immunoprecipitation
experiments were performed with either monoclonal anti-HA or anti-
Myc immune sera. The presence of Swi2p was detected with either anti-
HA or anti-Myc by western blot analysis.
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Fig. 2 Purification and stoichiometry of the SWI/SNF complex. Denatured SWI/SNF (5 pmol) was tyrosine-labeled with ['2%[]Nal in the presence of
chloramine T. Labeled complex was electrophoresed on SDS-PAGE gels and subjected to analysis by densitometry using a Phoshorimager. Signal
intensity was determined per tyrosine in each subunit. Stoichiometry was determined by comparing the tyrosine signal strength of each subunit to
that of Swi2p, which is known to be present in just one copy in the complex. a, 2%I-labeled SWI/SNF run on either a 10-20% or 8% SDS-PAGE gel com-
pared with silver stain of same preparation. b, Gel filtration analysis of TAP-tagged SWI/SNF. A 100 pl sample of SWI/SNF purified by the TAP proto-
col was fractionated on a Superose 6 HR10/20 gel filtration column (Pharmacia) as described*. The elution positions of protein standards are
indicated at the top of the panel. Fractions were assayed for SWI/SNF using western blot analysis and polyclonal antibodies (Santa Cruz
Biotechnology) to the Arp9p subunit, which crossreacts with Swi2p. ¢, Phosphorimager quantification of data shown in (a). Relative signal reflects
the raw Phosphorimager signal normalized to tyrosine number. Copy number shown is relative to Swi2p. Similar results were obtained from several
independent labelings and several different gel separations. Note that the under-representation of Arp9p was not observed in other experiments.

but not the HA-tagged allele of Swi2p. Thus, these results indicate
that yeast SWI/SNF contains only one copy of the Swi2p ATPase
subunit.

To determine the stoichiometry of the remaining SWI/SNF
subunits, we used quantitative tyrosine iodination®. In this
method, purified SWI/SNF is denatured in SDS, and tyrosine
residues are labeled with 2°I in a chloramine T—oxidation proce-
dure. »’I-]labeled SWI/SNF complex is then electrophoresed on
SDS-PAGE, and iodine incorporation is quantified using
Phosphorlmager analysis. Because the number of tyrosine
residues is known for each SWI/SNF subunit, this method allows
determination of the number of copies of each SWI/SNF subunit
relative to the known single copy of Swi2p. In preliminary exper-
iments, however, we found that '»*I-labeling of minor contami-
nating polypeptides in our SWI/SNF preparations occluded
quantification of several SWI/SNF subunits.

To improve the purity of our SWI/SNF preparation, we used a
tandem affinity purification (TAP) scheme”®. We created a yeast
strain harboring a SWI2 gene with a TAP module inserted at the
C terminus. The SWI2-TAP allele is expressed from its normal
chromosomal position and this allele fully complements the
phenotypes of a swi2 deletion allele (data not shown). Whole cell

Fig. 3 STEM mass analysis of individual SWI/SNF complexes reveals a uni-
modal distribution with a mean of 1.14 MDa. TAP-purified SWI/SNF was
crosslinked, applied to carbon films, freeze-dried and imaged by STEM.
Scattering from individual particles were recorded, and converted to
absolute mass. s.d. = standard deviation, and s.e.m. = standard error of
the mean.
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extracts were prepared from this strain, and SWI/SNF complex was
purified by sequential affinity purification on IgG-agarose and
calmodulin affinity resins. SWI/SNF purified by the TAP protocol
was determined to be >90% pure by SDS-PAGE analysis and con-
tained the diagnostic 11 polypeptides detected by silver staining
(Fig. 2a). The affinity purified SWI/SNF elutes from a Superose 6
gel filtration column with an apparent M,, of 2 MDa (fraction 19,
Fig. 2b)*4, and the ATPase and nucleosomal array remodeling activ-
ities of this complex were identical to that of SWI/SNF purified by
standard chromatography* (data not shown).

TAP-purified SWI/SNF was denatured in SDS and quantitative-
ly radio-iodinated on tyrosine residues. Labeled SWI/SNF sub-
units were separated by SDS-PAGE, and iodine incorporation was
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Fig. 4 3D structure of the yeast SWI/SNF complex. a, Raw images.
b, Examples of class averages identified by EMAN'. ¢, Projections of the
final 3D structure at the same angles as the class averages show an excel-
lent match between the two. d, Rendered surface of 3D structure viewed
at the same angle as the projections. e, Rendered surface with the cone-
shaped depression at top, filtered to 3.0 nm resolution. f, Rendered sur-
face of the nucleosome core particle'2, the SWI/SNF substrate, filtered to
the same resolution. The scale bars are 10 nm.

quantified using PhosphorImager analysis (Fig. 2b,). Signal
strength per tyrosine residue was determined and compared with
the Swi2p signal to determine relative stoichiometry (Fig. 2¢). The
results of the tyrosine iodination indicate that 6 of the 11 subunits
are present in single copy (Swi2p, Swilp, Snf5p, Swp73p, Arp7p
and Arp9p). The other five are present in multiple copies (two
copies of Swi3p, Swp82p, Snf6p and Snfllp, and three copies of
Swp29p). On the basis of this stoichiometry, SWI/SNF is predicted
to have an apparent molecular mass of only 1.15 MDa.

STEM mass analysis

As an independent method to determine the native M,, of yeast
SWI/SNE, we used scanning transmission electron microscopy
(STEM), in which the linear relationship between electron scatter-
ing and sample mass provides accurate determinations of M, up to
10 GD2°. TAP-purified SWI/SNF was crosslinked with 0.1% (v/v)
glutaraldehyde for 16 h in high salt buffer, the samples were freeze-
dried on carbon films and scattering data were recorded (see
Methods). SWI/SNF complexes, which appeared as roughly circu-
lar particles, were selected, and the mass was determined after cor-
recting for the carbon film background. The histogram (Fig. 3),
which includes all particles (n = 416) from several images, shows a
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unimodal distribution with a mean of 1.14 MDa (standard error
[20kDa), in excellent agreement with the stoichiometric data.

3D structure of SWI/SNF in negative stain

Although STEM provides accurate mass values, the images are
generally less informative about structure, probably because of
interactions with the carbon substrate and collapse during
freeze-drying’. To determine the 3D structure of the complex,
we imaged TAP-purified SWI/SNF in neutral sodium phospho-
tungstate. The raw images indicated an oblate shape [25 nm by
012 nm, with several prominent lobes (Fig. 4a). This is quite
similar to the multi-lobed appearance of human SWI/SNF
imaged by atomic force microscopy'’. Single particle reconstruc-
tion!! with three separate input data sets of [5,000-10,000
images, resulted in 3D reconstructions with excellent agreement
between class averages and their corresponding angular projec-
tions from the final reconstruction (Fig. 4b—d). The three inde-
pendent reconstructions were calculated with data from
different isolations of SWI/SNF, each separately prepared for
EM. The starting models were generated by reference-free classi-
fication, thereby avoiding the types of bias that can result from
selection of external starting models. Similar 3D shapes and vol-
umes were derived from all three data sets, pairwise comparisons
indicating congruent structures to 3.5-5.0 nm resolution (see
Methods; Fig. 4e). The data have been low-pass filtered to a reso-
lution of 3.0 nm, and the surface is rendered to enclose a volume
corresponding to 1.14 MDa protein. For comparison, a repre-
sentation of the nucleosome core particle'? at the same magnifi-
cation and resolution is shown (Fig. 4f). Analysis of the 3D
reconstructions revealed distinct mass centers that may provide
clues to the locations of the SWI/SNF polypeptides. Centers 1-6
form a ring of lobes that create the rim of a large conical depres-

Fig. 5 Principal features of the SWI/SNF reconstruction shown in Fig. 4.
The SWI/SNF complexes shown in a,b, are 90° rotations about the hori-
zontal plane of c,d, the ‘front’ views, with the surface lobes origination
from the individual centers labeled. In (d), the semi-transparent areas
show the 12 centers of mass (numbered arbitrarily). Note that there is no
corresponding lobe in (c) for mass center 8. In the other views, the sur-
face lobes arising from each mass center are labeled. e,f, 90° rotations
about the vertical plane of (c,d). The rim of the cone-shaped depression
is formed from masses 1-6, with 8 near the base. The scale bar is 10 nm.
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sion or pocket (15 nm in diameter and [b nm in depth
(Fig. 5¢,d). The dimensions of this large cavity make it an excel-
lent candidate for a potential nucleosome-binding pocket. Other
lobes appear to originate from centers 7 and 9-12 and are more
clearly seen from other views of the complex (Fig. 5 a,b,e,f). Mass
center 8, which is located beneath the depression, is unique in
having no associated surface lobe. A preliminary analysis of
SWI/SNF in complex with 200 base pairs of DNA did not reveal a
unique DNA-binding site (not shown), suggesting that a single
SWI/SNF particle can bind DNA on multiple sites'>.

This work provides the first characterization of the mass,
polypeptide stoichiometry and 3D structure of a low abundance,
large multi-subunit chromatin remodeling complex, opening
the way to identifying the active site of the SWI/SNF ATPase, the
locations of the different polypeptides within the 3D volume and
the nucleosome interaction site(s).

Note added in proof: During review of this manuscript, a 3D
reconstruction of the RSC chromatin remodeling complex was pub-
lished'® that similarly describes a putative nucleosome-binding site
in a cavity surrounded by a ring of protein densities.

Methods

Tagged SWI2 strains and immunoprecipitations. Whole cell
extracts were made from isogenic W303 yeast strains encoding an
HA-tagged SWI2 at the URA3 locus (CY831), an Myc,g-tagged SWI2 at
the endogenous locus (CY832) or by combining both the HA;- and
Myc,s-tagged SWI2 epitopes (CY889). Immunoprecipitations were
conducted as reported* and binding was analyzed by SDS-PAGE and
western blot analysis with anti-HA (HA.11; Babco) or anti-Myc (9E10;
Santa Cruz Biotechnology). Western blots were visualized using
enhanced chemiluminescence (ECL) reagents (Lumiglo; KPL).

SWI/SNF purification. SWI2 was C-terminally tagged in frame at the
endogenous locus with a calmodulin-protein A TAP tag as described®.
Cultures were grown in YPD with 2% (w/v) glucose until ODgy, = 2.0.
Cells were harvested and lysed by mechanical bead lysis in buffer E
(20 mM HEPES, pH 7.4, 350 mM Nacl, 10% (v/v) glycerol and 0.1% (v/v)
TWEEN and protease inhibitors (1 mM PMSF, 2 pg ml-' pepstatin and
2 ug ml-' leupeptin). Lysates were clarified at 40,000g at 4 °C for
45 min (Ti45 Beckman rotor). Cleared lysates were incubated with
IgG-Agarose (Sigma), eluted by TEV protease cleavage and incubated
with calmodulin affinity resin (Stratagene) in buffer E plus 2 mM CaCl.
Purified complex was eluted from calmodulin resin in buffer E plus
10 mM EGTA. Samples were then concentrated and dialyzed against
buffer E with 50 uM ZnCl. Purity was verified by silver staining.

Stoichiometry determination of SWI/SNF. Purified TAP-SWI/SNF
was denatured by the addition of SDS and labeled with ['2[]Nal in
the presence of cloramine Té. Labeling was quenched with Na,S,0s.
Labeled material was precipitated with potassium acetate on ice for
30 min and diluted in protein sample buffer. Labeled SWI/SNF was
loaded on SDS-PAGE gels and ran at constant voltage. After elec-
trophoresis, gels were fixed and washed in 10% (v/v) acetic acid and
40% (v/v) methanol for (20 h. Gels were dried and then imaged, and
densitometry was performed using a Phospholmager (Molecular
Dynamics). Radio-iodinations were performed several times, and
each labeling was fractionated on multiple SDS-PAGE gels. The
amount of radioactivity present within the gel wells was variable
among different gels (Fig. 2), and the calculated subunit stoichio-
metries were independent of such signals.

STEM. For accurate STEM mass measurements, salts and other buffer
components must be removed from the samples. This was achieved by
crosslinking TAP-purified SWI/SNF at (100 nM in buffer E by direct
addition of 0.1% (v/v) glutaraldehyde for 4 h, followed by dialysis
against 50 mM NacCl, 10 mM HEPES, pH 7.4, and 0.2 mM EDTA, or by
dialyzing overnight against buffer E containing 0.1% (v/v) glutar-
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aldehyde without glycerol, zinc or TWEEN, then against the lower salt
50 mM NaCl buffer. Both methods resulted in stable SWI/SNF com-
plexes, with no significant difference in mean mass. Freeze dried spec-
imens were prepared by the wet film method?'* and imaged at the
Brookhaven National Laboratory STEM Facility. A 2 pl sample of
100 pg ml-" tobacco mosaic virus (TMV), an internal mass standard,
were absorbed for 1 min onto freshly prepared carbon films sup-
ported by a holey film on a titanium grid (Ernest F. Fullam, Inc.). After
washing the grid 4x, 3 pl of fixed SWI/SNF solution was applied by
injection into the droplet on the grid. The grid was allowed to adsorb
for 1 min and then rinsed 4x with sample buffer, followed by rinses of
100 mM ammonium acetate ((5x) and 20 mM ammonium acetate
(Cbx) to remove nonvolatile salts. After the final wash, the grid was
blotted between two pieces of filter paper, leaving a retained layer
<1 um thick, and immediately plunged into liquid nitrogen slush. The
frozen samples were transferred to an ion-pumped chamber and
freeze dried overnight by gradually warming to -80 °C. They were
then transferred under vacuum to the STEM. Specimens were imaged
in the STEM at 40 kV with a probe focused to 0.25 nm. Focusing was at
a high magnification near the area of interest and the data acquired
on the first scan. The average dose of electrons for the
single scan to record the data was <1,000 e- nm2, assuring that the
mass loss from radiation damage was not >2% at the -150 °C speci-
men temperature®. Digital images were recorded from large and
small angle detectors for unstained specimens. In images used for
mass measurements, the pixels were separated by 1 nm, giving a scan
width of 0.512 um. The masses of selected particles were determined
using the program PCMass23 (ref. 15). This program sums the number
of scattered electrons over a defined area bounding the particle, sub-
tracts a background obtained from areas not containing particles and
multiplies the result by a standard STEM calibration constant
(115 Da/ e with 1 nm pixels) to determine the mass. Further data
analysis and histogram generation used PSI Plot (Polysoftware
International).

Electron microscopy and 3D image reconstruction.
Crosslinked SWI/SNF was adsorbed to glow-discharge carbon films,
negatively stained with 1.5% (w/v) sodium phosphotungstate,
pH 7.2, containing 0.015% (w/v) glucose'®, and observed with a
Tecnai 12 electron microscope (FEI Inc.) at 80 kV. Digital images
were recorded at 800 nm defocus with a cooled 2,048 x 2,048 CCD
camera (TVIPS GmbH) and a pixel size of 6.32 A. Data sets for recon-
struction contained 5,000-10,000 images free of astigmatism and
drift. Examination of the data sets showed that there was no pref-
erential orientation of SWI/SNF on the carbon film.

Single particle reconstruction was carried out with EMAN"
(ncmi.bcm.tmc.edu/homes/stevel/EMANI/doc/). First, an initial model
was generated by reference-free classification. This starting model
was then used to begin an iterative refinement of the classification.
Convergence was judged by the absence of change in the Fourier shell
correlation (FSC) of subsequent iterations''. The resolution of each
reconstruction was estimated using the FSC of two semi-
independent reconstructions derived by dividing the data in the final
class averages in half'’. FSC was also used to evaluate the similarity of
the three different reconstructions, using the 0.5 value as the limit of
congruence. Volumes were constrained to a mass of 1.14 MDa, assum-
ing a protein density of 1.35 g ml-' (0.81 Da A-3), and gaussian low-pass
filtered to the 0.5 FSC threshold. Data processing and visualization
with AVS (AVS Inc.) and VIS5D (http:/ivis5d.sourceforge.net) was per-
formed on a multiprocessor Silicon Graphics Octane (SGI Inc.).
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