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Abstract

Here we use single-molecule imaging to determine coarse-grained intrinsic energy landscapes for
nucleosome deposition on model DNA substrates. Our results reveal distributions that are
correlated with recent in silico predictions, reinforcing the hypothesis that DNA contains some
intrinsic positioning information. We also show that cis-regulatory sequences in human DNA
coincide with peaks in the intrinsic landscape, whereas valleys correspond to non-regulatory
regions, and we present evidence arguing that nucleosome deposition in vertebrates is influenced
by factors not accounted for by current theory. Finally, we demonstrate that intrinsic landscapes of
nucleosomes containing the centromere-specific variant CenH3 are correlated with patterns
observed for canonical nucleosomes, arguing that CenH3 does not alter sequence preferences of
centromeric nucleosomes. However, the non-histone protein Scm3 alters the intrinsic landscape of
CenH3-containing nucleosomes, enabling them to overcome the otherwise exclusionary effects of
poly(dA—dT) tracts, which are enriched in centromeric DNA.

The distribution of nucleosomes throughout the genome has profound consequences for
DNA transcription, repair, and chromosome segregation1—4. Canonical nucleosomes consist
of ~147-base pairs (bp) of DNA wrapped in ~1.7 turns around an octamer containing two of
each histone H2A, H2B, H3, and H43,5. There has been tremendous interest in developing
in silico models of genome-wide nucleosome positions, the first of which came from Segal
et al.,6 and calculated probabilistic nucleosome distributions based upon the preference of
nucleosomes for bendable DNA containing AA/TT/AT dinucleotides with 10-bp
periodicities in counter-phase with GC dinucleotidesl,7. This supported the hypothesis of a
“second genetic code”, which asserts that genomes intrinsically encode information dictating
nucleosome distributions, and posits that extrinsic factors, such as chromatin remodeling
proteins, play a limited role in establishing steady-state positions. However, accumulating
evidence suggests stiff DNA sequences that resist bending, including poly(dA-dT) tracts8,
play a dominant role in influencing nucleosome distributions9-13, yet these sequences were
unaccounted for in the original algorithms. Two more recent theoretical models from Segal
and colleagues included exclusion effects from poly(dA-dT) tracts along with other
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sequence motifs found enriched in linker DNA14,15. These modeling efforts together with
other in vivo mapping studies of nucleosome positions are starting to yield unprecedented
details of chromatin structure and its relationship to gene regulation.

The information content within eukaryotic genomes is also enriched through deposition of
histone variants4, such as CenH3, which is an H3-variant that serves as a universally
conserved centromere-specific epigenetic marker necessary for directing kinetochore
assembly for chromosome segregation during meiosis and mitosis 16—18. CenH3 (called
Csed in S cerevisiae) contains a conserved fold resembling histone H3 along with a unique
N-terminal extension that distinguishes it from a canonical histone. Biophysical studies have
shown that CenH3/H4 tetramers are more rigid and compact than canonical H3/H4 tetramers
due to an amino acid sequence called the CATD (CENP-A centromeres targeting
domain)16,19,20. Yeast centromeres also contain a hon-histone protein called Scm3, which
was identified as a high-copy suppressor of Cse4 mutations21,22. Deletion of Scm3 is lethal
and Scm3 is required for the binding of other inner kinetochore proteins, indicating that it
plays an early role in kinetochore assembly18,21-24. Scm3 is found in the point
centromeres of S cerevisiae and the regional centromeres of S. pombe, and homologs have
been identified in higher eukaryotes 25-29. The roles of Scm3 remain unclear, but it is
known to form a stable complex with H4 and Cse4, yet does not interact with a conventional
H3/H4 tetramer18. Interestingly, H2A and H2B are excluded by Scm3, leading to the
hypothesis that H4/Cse4/Scm3 forms an atypical hexameric nucleosome that is somehow
restricted to centromeres18. One feature of centromeric DNA is that it is often highly A/T-
rich2,30. For example the point centromeres (CEN sequences) of S. cerevisiae range from
86-98% A/T, and contain numerous tracts of poly(dA-dT), suggesting that mechanisms
must exist enabling centromeric nucleosomes to bind to these otherwise unfavorable
sequences31-34. Despite the importance of CenH3 and Scm3, relatively little is known
about how they are deposited and maintained at centromeres, or whether they might alter the
intrinsic sequence preferences of nucleosomes, enabling them to bind to poly(dA—dT)-rich
DNA.

To begin addressing these and other questions in chromatin biology we have established a
unique single molecule microscopy assay to directly visualize individual fluorescent
nucleosomes bound to aligned curtains of DNA. Here we use this assay to determine the
coarse-grained energy landscapes for nucleosome deposition using phage A DNA as a model
substrate. The observed patterns for canonical nucleosomes and nucleosomes containing
H2AZ are well correlated with recent theoretical predictions, and we confirm that
exclusionary effects of poly(dA—dT) tracts play a dominant role in dictating the landscape.
We also map the intrinsic landscape for nucleosome deposition on a substrate derived from
the human B-globin locus and show that all intrinsically preferred binding sites within this
23-kb fragment are correlated with transcriptional regulatory regions. However, the intrinsic
landscape for the B-globin locus does not match reported in vivo nucleosome positions,
suggesting that sequence preferences alone are insufficient to predict nucleosome
distributions in vertebrate genomes. Finally, we demonstrate that canonical nucleosomes and
nucleosomes containing Cse4 display similar distribution patterns, indicating that the DNA
binding properties of both are subject to similar thermodynamic principles, despite the fact
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that Cse4 is targeted to poly(dA—dT)-rich centromeric DNA in vivo. In striking contrast,
nucleosomes bearing both Cse4 and Scm3 display a distinct binding distribution, revealing
an unanticipated role for Scm3 in overcoming the aversion of nucleosomes for poly(dA—dT)
tracts.

A DNA curtain assay for imaging individual nucleosomes

For our assay DNA molecules are anchored via a biotin-neutravidin interaction to a fluid
lipid bilayer on the surface of a fused silica microfluidic sample chamber and hydrodynamic
force is used to push the molecules towards the leading edges of nanofabricated
barriers35,36. The DNA molecules align along these barriers, enabling us to visualize
thousands of individual molecules in real time using total internal reflection fluorescence
microscopy (TIRFM; Fig. 1a, and Supplementary Fig. 1 and Supplementary Video 1)35,36.

To visualize nucleosomes, we expressed and purified recombinant S. cerevisiae histones
from E. cali. Histone octamers were assembled in vitro and purified by gel filtration, and
purified octamers containing FLAG-H2B were deposited onto biotinylated A-DNA by salt
dialysis (Supplementary Fig. 2), which recapitulates thermodynamically favorable binding
distributions3,37-39. The nucleosomes were labeled in situ with anti-FLAG quantum dots
(QDs) and visualized by TIRFM (Fig. 1b, Supplementary Video 2). Time courses confirmed
that =99% of the fluorescent nucleosomes did not move or dissociate from the DNA during
the experiments (Fig. 1b—d). Transient termination of hydrodynamic force provoked
entropic collapse of the DNA, causing the molecules to drift outside the detection volume
defined by the penetration depth of the evanescent field, verifying that they were anchored
only via the biotin tag (Fig. 1b—d). For the position distribution measurements described
below, conditions were selected to yield ~5 nucleosomes per DNA, equivalent to ~1.5%
coverage of the 48.5-kb substrate (Fig. 1). In addition, only full-length DNA molecules well
resolved from adjacent molecules were used for distribution measurements. Any DNA
molecules that did not meet these criteria were discarded from further analysis, and we were
able to typically obtain ~200-300 data points per experiment.

Visualizing intrinsic landscapes for nucleosome deposition

We sought to explore the relative performance of recent theoretical models as general tools
for predicting intrinsic energy landscapes for nucleosome deposition using phage A-DNA as
a simple model substrate. A-DNA is not subject to evolutionary pressure to position
nucleosomes, but analysis of the phage genome revealed an unexpected advantage: the
original Segal et al.6 model yielded surprisingly dissimilar predictions for the nucleosome
distributions compared to the more recent models of both Field et al.14 and Kaplan et al.15
(Fig. 2a, Supplementary Fig. 3-5). Pearson correlation analysis revealed that the theoretical
predictions of Segal et al.6 were actually anticorrelated with the two more recent models (r
=-0.76, P < 0.0001 and r =-0.27, P = 0.031, for the Field and Kaplan models,
respectively; Supplementary Fig. 3 and 5, and data not shown). The strikingly dissimilar
predictions arise due to the natural asymmetric division of the phage genome into A/T- and
G/C-rich halves (Fig. 2a), and can be further attributed to the abundance of exclusionary
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poly(dA—dT) tracts (Fig. 2a), which are greatly enriched near the center of the A phage
genome. The effects of the poly(dA-dT) tracts were further evidenced by the observation
that the Segal et al.6 model was correlated with poly(dA—dT) tracts (r = 0.68, P < 0.0001),
whereas the Field et al.14 and Kaplan et al.15 models were anticorrelated with these same
sequence features (r = —0.60, P < 0.0001, and r = —0.65, P < 0.0001, for the Field and
Kaplan models respectively; Fig. 2b and data not shown). The drastically different predicted
distributions generated by the theoretical algorithms provided a means for evaluating their
relative performance, and the differences in the theoretical models were readily evident even
when the 1-bp resolution in silico predictions were binned to match our experimental data
(Supplementary Fig. 1 and Fig. 4).

To test the theoretical predictions we measured the locations of 1,248 canonical
nucleosomes and 1,210 nucleosomes containing the histone variant H2AZ, which is a
conserved histone H2A variant that influences gene regulation40-45 (n = 2,458 total; Fig. 2,
Supplementary Fig. 6). A histogram built from these experiments represents a coarse-
grained profile of the thermodynamically favored intrinsic energy landscape for nucleosome
deposition (Fig. 2a). As shown in figure 2, the observed nucleosome distribution was
anticorrelated with both the Segal et al.6 prediction (r = —0.55, P < 0.0001; Fig. 2b) and the
poly(dA—dT) distribution (r = -0.32, P = 0.01), but bore a remarkable resemblance to the
Field et al.14 prediction (r = 0.63, P < 0.0001; Fig. 2a, b, and Supplementary Fig. 4) and
also to the prediction of Kaplan et al.15 (r = 0.63, P < 0.0001, not shown). The positions of
nucleosomes that were heated to 37°C for a period of 10 hours were even more strongly
correlated with the Field et al.14 and Kaplan et al.15 models (n = 1,247;r =0.74, P<
0.0001, and r = 0.75, P < 0.0001, respectively; Supplementary Fig. 6).

Our data represent a coarse-grained profile of the global energy landscape, and we can not
confirm the accuracy of the algorithms at base pair resolution. Nevertheless, because the
predictions of the different algorithms are so dissimilar we can test their performance
relative to one another, and our results are most consistent with predictions from the recent
Field et al.14, and Kaplan et al.15 algorithms. These findings support the Field et al.14 and
Kaplan et al.15 algorithms as general means for predicting intrinsic energy landscapes of
nucleosome binding sites in vitro, but do not address their performance for predicting in vivo
landscapes (see discussion). Our results also show that nucleosomes bearing H2AZ
displayed the same distribution trends as canonical nucleosomes, demonstrating that H2AZ
does not drastically alter thermodynamic sequence preferences, and these conclusions are
supported by independent comparison of the two separate data sets (Supplementary Fig. 7).
Finally, the non-random nucleosome distributions observed in our assay, and the agreement
between the newer theoretical models and our single molecule data reinforces the validity of
our unique experimental system, and confirms that the experimentally observed distributions
reflect the actual intrinsic energy landscape for nucleosome sequence preferences.

Intrinsic landscapes in human DNA

We next sought to determine the intrinsic landscape of a eukaryaotic substrate, and for this
we selected a 23-kb PCR fragment derived from the human B-globin locus (Fig. 3a).
Comparison of the original Segal et al.6 model with the more recent Field et al.14 and
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Kaplan et al.15 models revealed that the theoretical distributions for this substrate were
again anticorrelated (r = -0.74, P <0.0001, and r = -0.70, P < 0.0001 for the Field et al.,
and Kaplan et al., models respectively; Fig. 3b,c; Supplementary Fig. 3). The models were
also anticorrelated for several regions of the yeast genome (Supplementary Fig. 8). While p-
globin DNA lacks the fortuitous A/T and G/C asymmetry and high poly(dA-dT) content
found in A-phage, its base composition is similar to the yeast genome (61% versus 62%
AJT), and the Field et al.14 and Kaplan et al.15 models still predict a non-random landscape
with four particularly prominent clusters of positioned nucleosomes that should be
discernable in the coarse-grained landscape obtained from the single molecule in vitro data
(Fig. 3b, Supplementary Fig. 4).

As shown in Fig. 3b, the distribution of nucleosomes (n = 1,063) bound to the B-globin DNA
was different from that found for the A-DNA, indicating that the substrate sequence
contributed to the overall patterns. Analysis of the nucleosome distribution for the $-globin
substrate revealed that it was weakly anticorrelated with the Segal et al.6 prediction (r =
-0.37, P = 0.04), but was well correlated with the Field et al.14 (r = 0.65, P < 0.0001) and
the Kaplan et al.15 (r = 0.64, P < 0.0001) predictions (Fig. 3c, and not shown). The
agreement between our data and the predictions, indicates that nucleosomes obey similar
thermodynamic rules, regardless of the origin of the DNA.

Inspection of the -globin data suggested that the intrinsic landscape reflected underlying
organizational features of the DNA. Every peak within the intrinsic landscape for the human
DNA substrate coincided with regulatory sequences, including the promoter-proximal
regions of the Ay- and 8-globin genes, and the non-coding yp-globin gene. An additional
peak in the intrinsic landscape encompassed an intergenic developmental stage-specific
promoter located ~2.6-kb upstream from the 5-globin gene within a regulatory region
necessary for silencing the fetal y-globin genes that is deleted in patients with Corfu p-
thalassemia (Fig. 3a,b)46-48. In contrast, all valleys within the intrinsic landscape
corresponded to non-transcribed and non-regulatory DNA. This data reveals that cis-
regulatory regions within the human B-globin locus are poised with thermodynamically
preferred nucleosome-binding sites. This evolutionarily-driven architecture has likely arisen
not because more or more tightly bound nucleosomes are required in these regions, but
rather because precise nucleosome positioning within regulatory sequences may be much
more critical compared to other areas of the genome40,49-51. It remains to be determined
whether this organization is a general trend for human DNA, but our interpretation is
consistent with the finding that eukaryotic transcriptional start sites (TSS) are typically
flanked on either side by well-positioned nucleosomes4,40,49,50,52.

The locations of nucleosomes across the B-globin locus have been mapped in CD4* T
cells53, but there was no obvious correlation between these positions and any of the
theoretical predictions (Fig. 3a,b). The in vivo nucleosome distribution also did not fully
coincide with the coarse-grain features of the experimentally observed intrinsic landscape,
although the promoter proximal regions of the yp- and 5-globin genes were occupied by
positioned nucleosomes as expected based on the intrinsic landscape (Fig. 3a,b). However,
the in vivo data were dissimilar with the experimentally defined intrinsic landscape in the
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region encompassing the Ay-globin gene, illustrating that thermodynamically preferred
sequences alone can not predict nucleosome occupancy within the human genome.

Scm3 alters the intrinsic energy landscape

How centromeric nucleosomes are targeted to centromeres is an unanswered question in
chromatin biology, and it remains unclear whether they are subject to the same energetic
landscapes that dictate favorable binding by canonical nucleosomes. If centromeric
nucleosomes obey the same principles as canonical nucleosomes, and bind to intrinsically
bendable DNA, then the in vitro distributions of centromeric versus canonical nucleosomes
should be similar. Alternatively, if centromeric nucleosomes have different sequence
preferences, then they should exhibit distribution patterns that are distinct from canonical
nucleosomes. The intrinsic landscape is particularly intriguing for Cse4, which is targeted to
poly(dA—dT)-rich CEN DNA in vivo, and can form an unusual hexameric nucleosome
wherein H2A/H2B is replaced with the non-histone protein Scm318. Interestingly, the
algorithms of Field et al.14 and Kaplan et al.15 both predict exceptionally low probabilities
of nucleosome occupancy at yeast CEN sequences (P = 7.5x10~7 — 4.9x1074) and also at
AJT-rich human a-satellite repeats (P = 0.015 — 0.039), suggesting that mechanisms must
exist enabling centromeric nucleosomes to overcome the exclusionary effects of these
sequences.

To determine whether centromere-specific nucleosomes have unique DNA binding
properties that might contribute to their targeting specificity recombinant nucleosomes were
assembled and deposited onto A-DNA as described above, with the exception that H3 was
replaced with Cse4 (Supplementary Fig. 2). As shown in Fig. 4a, replacement of H3 with
Cse4 did cause ~8% of the total nucleosomes to redistribute away from the G/C-rich left 10-
kb of the .-DNA towards more A/T-rich regions (Fig. 4a), reflecting a subtle perturbation of
the intrinsic landscape. However, the overall distribution of Cse4-nucleosomes (n = 2,033)
was still correlated with that of the canonical nucleosomes (r = 0.58, P < 0.0001), was
correlated with both the Field et al.14 (r = 0.59, P < 0.0001) and Kaplan et al.15 predictions
(r =0.63, P <0.0001), and was anticorrelated with the Segal et al.6 prediction (r = —-0.55, P
< 0.0001). Moreover, comparison of the canonical, H2AZ, and Cse4 data sets reveals similar
patterns, and the combined data from all of these octameric nucleosomes (n = 4,491) shows
even better correlation with the Field et al.14 (r = 0.69, p < 0.0001) and Kaplan et al.15 (r =
0.74, P < 0.0001) theoretical predictions (Supplementary Fig. 8). These findings
demonstrate that Cse4 does not drastically alter the intrinsic DNA binding landscape. This
conclusion is reasonable from a physical perspective given that MNase footprinting reveals
that ~1.7 turns of DNA still wrap around histone octamers harboring the centromeric H3-
variant (Supplemental Fig. 2). We conclude that octameric nucleosomes harboring Cse4 are
subject to the same physical principles that dictate preferential binding by canonical
nucleosomes and exhibit a preference for deposition onto intrinsically bendable DNA.

We next tested the effect of Scm3 on the intrinsic landscape of nucleosomes harboring Cse4.
For this, nucleosomes were assembled from Scm3, Cse4, and FLAG tagged H4, and these
purified nucleosomes were then deposited onto DNA via salt dialysis, as described
(Supplementary Fig. 2)18. As previously shown, Scm3, Cse4, and H4 form a stable complex
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that can be isolated by gel filtration and bulk biochemical assays verified that these
centromeric nucleosomes could bind to DNA (Supplementary Fig. 2)18. Affinity pull-down
assays confirmed that Scm3, Cse4, and H4 were all present in the DNA-bound complexes
(Supplementary Fig. 9). Consistent with the findings of Miziguchi et al.18, our bulk
experiments argue that Scma3 is bound to DNA, and argue against the possibility that Scm3
is readily displaced after deposition of H4 and Cse4 onto DNA. Single molecule imaging
assays revealed that nucleosomes containing both Cse4 and Scm3 displayed an altered
DNA-binding landscape relative to the octameric nucleosomes (Fig. 4b). The profile
observed for the Scm3/Cse4/H4 nucleosomes was not significantly correlated with any of
the theoretical models (Fig. 4b) and was only weakly correlated with the canonical/H2AZ
distribution (r = 0.30, P = 0.016; Fig. 4b). Nor was the distribution of the Scm3/Cse4/H4
nucleosomes significantly correlated with the distribution observed for the nucleosomes
harboring just Cse4 (r = 0.31, P = 0.013; not shown) or the poly(dA-dT) tracts (r =0.11, P
= 0.387; not shown). All other nucleosomes tested displayed reduced occupancy within the
poly(dA—dT)-rich center of A-DNA (Fig. 2a and Fig. 4a), but this aversion was fully relieved
by Scm3 (Fig. 4b). Consistent with these findings, in vitro reconstitution and gel shift
experiments have revealed that DNA-protein complexes containing Cse4, H4 and Scm3
form on A/T-rich CEN sequences with greater efficiency than do Cse4/H4/H2A/H2B
nucleosomes (Carl Wu, personal communication). Taken together, these results suggest that
Scma3 alters centromeric nucleosomes enabling them to more readily tolerate stiff DNA
sequences. These results argue that the poly(dA-dT)-rich CEN sequences found in S.
cerevisiae may have evolved in part to help exclude octameric nucleosomes, irrespective of
whether they contain histone H3 or Cse4, and that Scm3 abrogates this inhibition, thus
ensuring a unique landmark for kinetocore assembly.

DISCUSSION

We have established a unique system capable of visualizing thousands of individual
fluorescently tagged nucleosomes in real time under conditions compatible with many types
of biochemical reactions. This experimental platform offers the potential for much higher
throughput than other comparable single molecule imaging approaches, and opens new
experimental paths for studying nucleosomes, chromatin, and chromatin remodeling. Here
we use this approach to demonstrate that recombinant nucleosomes assembled onto model
DNA substrates reveal global distribution patterns reflecting intrinsic properties of the
underlying DNA sequence.

Intrinsic nucleosome positioning and chromatin organization

Our data with the human B-globin locus is the first measurement of an intrinsic nucleosome
binding profile for a vertebrate DNA substrate, and the agreement between our data and the
theoretically predicted landscape suggests that the observed nucleosome distribution reflects
sequence-dependent intrinsic properties of the DNA. Moreover, our finding that all of the
peaks identified in the experimentally measured intrinsic profile coincided with promoters
and regulatory regions argues that the intrinsic profile reflects the underlying organization of
this DNA locus. There are at least two potential explanations for this pattern: (1) incorrectly
positioned nucleosomes near promoters could result in a loss of regulatory capacity through
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inadvertent occlusion of RNA polymerase or other factors, suggesting an evolutionary
advantage to ensure correct nucleosome positioning in these regions through the use of
intrinsically preferred sequences; and/or (2) strongly positioned nucleosomes at or near
promoters and regulatory regions may be necessary to dictate the positions of downstream
nucleosomes within a gene through a steric occlusion mechanism called statistical packing
that has been likened to a can of tennis balls1,4,51. The absence of intrinsic peaks outside of
regulatory regions would facilitate the establishment of nucleosome positions via statistical
packing by ensuring that the most tightly bound nucleosomes were restricted to a small
subset of available sites, allowing for more flexible positioning of the adjacent nucleosomes.

For S cerevisiae, the theoretical intrinsic profiles provided by the newest generation of
predictive algorithms have been reported to match the observed in vivo nucleosome
positions4,14,15. However, the Field et al.14, and Kaplan et al.15 algorithms do not fully
agree with recently measured in vivo nucleosome positions from Mavrich et al.51 The
reasons for the discrepancies remain unclear, and should be the subject of future studies,
nevertheless our data show that the Field et al.14 and Kaplan et al.15 algorithms can predict
the general features of in vitro intrinsic nucleosome landscapes. Importantly, there does not
appear to be a clear relationship between intrinsically favored positions and actual
nucleosome locations for more complex vertebrate genomes4, and neither our
experimentally derived intrinsic landscape nor the corresponding theoretical predictions
were sufficient to describe the distributions of nucleosome positions mapped across the -
glohin locus in human CD4" T cells. The discrepancy between the intrinsically preferred
nucleosome landscape and in vivo data may arise from several sources, including
competition between nucleosomes and other binding factors, steric occlusion at high
nucleosome densities, the effects of nucleosome remodeling proteins or nucleosome
modifications, higher-order folding of chromatin, and/or developmentally regulated changes
in gene expression. Ultimately the disagreement between the intrinsically favored landscape
for the B-globin DNA and the in vivo positions argues that future predictive algorithms will
need to account for these added levels of complexity.

Effects of Scm3 and implications for centromere biology

We are just beginning to understand the molecular determinants that are essential for
centromere organization and function2,30. The universal marker for centromere function is
the variant histone CenH3, but little is known about how it is targeted to centromeric DNA.
Interestingly, S. cerevisiae Cse4 can replace CenH3 in human centromeres, indicating a high
degree of functional conservation54. This is despite the fact that S. cerevisiae has well-
defined point centromeres, whereas humans have regional centromeres comprised of
repetitive A/T-rich units of 171-bp a-satellite sequences that span megabases of DNA. Our
findings demonstrate that Cse4 by itself does not impart centromeric nucleosomes with
unique DNA binding properties that might influence targeting to centromeric DNA. This
begs the question of what mechanisms might contribute to Cse4 targeting. Known
mechanisms that contribute to Cse4 targeting in S. cerevisiae include protein-protein
interactions between Scm3 and the Ndc10 subunit of the CBF3 complex that binds the
CDElII-site within yeast centromeres21, and proteolytic degradation of any Cse4 that is
mistargeted to chromosome arms55. Our results suggest a potential third level of regulation
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for the Cse4 centromere-targeting mechanism involving intrinsic exclusion of normal
octameric nucleosomes from centromeric DNA, coupled with the positive targeting effects
of Scm3, which enables nucleosomes containing Cse4 to overcome the exclusionary barrier
presented by poly(dA—dT) tracts found in yeast CEN sequences. To our knowledge, this is
the first example of a nucleosome with such drastically altered DNA binding characteristics,
and the first direct evidence that centromeric nucleosomes have distinct DNA binding
properties that might facilitate targeting to centromeric DNA. This finding further suggests
that DNA bendability does not dominate the intrinsic binding landscape experienced by
centromeric nucleosomes harboring Scm3, implying that these nucleosomes may be bound
to DNA in an altered configuration distinct from canonical nucleosomes.

Protein expression, purification and nucleosome reconstitution

Histones were expressed in E. cali, purified from inclusion bodies and reconstituted as
described (Supplementary Fig. 2)56. H2AZ was cloned into pET-100/D-TOPO, purified and
reconstituted using the same procedure (Supplementary Fig. 2)56. We purified and
reconstituted Cse4 as described (Supplementary Fig. 2)18. Scm3 was also expressed in E.
coli, but remained soluble after cell lysis and was ammonium sulfate precipitated (45%
saturation), resuspended in unfolding buffer (7 M guanidinium-HCI, 1 M NaCl, 50 mM
Tris-HCI [pH 7.8], 1 mM EDTA, 1 mM DTT) and dialyzed against urea buffer (7 M urea, 1
M NaCl, 10 mM Tris-HCI [pH 7.8], 1 mM EDTA, 5 mM B-mercaptoethanol). Scm3 was
purified on Ni-NTA agarose in urea buffer, eluted with 200 mM imidazole, and dialysed
against 10 mM Tris-HCI [pH 7.8] plus 5 mM B-mercaptoethanol, followed by 10 mM Tris-
HCI [pH 7.8], then lyophilized and stored at —20°C. All reconstituted complexes were
purified by gel filtration and deposited onto DNA by salt dialysis (Supplementary Fig.
2)38,39,57, and the DNA was assembled into curtains as described35. All reconstitution
reactions were performed at 4°C, the samples were shifted to 37°C for a minimum of 15-
minutes after injection into the microfluidic sample chamber, and all single molecule
measurements were made at 37°C.

Single molecule assays

Nucleosomes were labeled with 2 nM QDs (Invitrogen, 705 nm emission) conjugated to
anti-FLAG antibodies (Sigma). Illumination was provided by a 488-nm laser (Coherent,
Sapphire-CDHR), images were collected using a water immersion objective (Nikon, 1.2 NA
Plan Apo, 60x). YOYO1 and QD emission spectra were separated using a dichroic mirror
(630 nm DCXR, Chroma Technologies) and recorded onto separate halves an EMCCD
(Photometrics, Cascade 512B). Images for position analysis were acquired at a flow rate of
0.4 ml min~t in 40 mM Tris-HCI [pH 7.8], 1 mM DTT, and 0.2 mg mI~1 BSA. For all
experimental data sets flow was transiently paused to exclude non-specifically surface
bound QDs from analysis (Fig. 1b—d). Only full-length DNA molecules well resolved from
adjacent neighboring molecules and bound by ~5 nucleosomes or fewer were used for
distribution measurements.
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Statistical analysis

Data were collected using NIS-Elements software and processed using ImageJ. Dual color
images were aligned, cropped at the DNA tether points, and contrast was adjusted to
improve upon the signal-to-noise ratio. The QD images were then imported into Igor Pro for
position analysis, as previously described58. In brief, a 2D Gaussian fit was applied to each
manually selected nucleosome particle to determine its location in microns relative to the
DNA tether point based on the centroid position of the fluorescent QDs58. The position data
from all of the images was divided into bins based on the experimentally measured variation
of QDs attached to DNA curtains at single fixed positions (Supplementary Fig. 1), and for
convenience the size of the bins was set at 758-bp, which divides the 48,502-bp A-DNA
substrate into 64 equivalent sections. For correlation analysis, the theoretically predicted
distributions were also averaged over 758-bp bins, so that they matched the resolution of the
experimental data (Supplementary Fig. 4). The normalized values of the experimental and
theoretical data sets were then graphed against each other and the Pearson linear correlation
coefficient (r) was calculated using Igor Pro by dividing the covariance between the two
variables by the product of their standard deviations. The P value for n-2 degrees of
freedom, where n is the total number of bins, was calculated using GraphPad software
(http://www.graphpad.com/quickcalcs/pvaluel.cfm). All correlation trends were cross-
validated using randomly selected subsets of the experimental data (Supplementary Fig. 10).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Visualizing fluor escently tagged recombinant nucleosomes on DNA curtains
Panel (a) depicts the experimental design; full details of the nanofabrication and DNA

curtain assembly can be found in Fazio et al35. YOYO1-stained DNA curtains (green)
bound by nucleosomes (magenta) that were tagged with anti-FLAG QDs are shown in (b).
The tethered end of each curtain is indicated as T1-T4, and arrows indicate the direction of
flow. A kymogram illustrating five nucleosomes on one DNA molecule is shown in (c). All
nucleosome reconstitution reactions were performed at 4°C, the samples were shifted to
37°C for a minimum of 15-minutes after injection into the microfluidic sample chamber, and
all single molecule distribution measurements were made at 37°C. The nucleosomes
disappear when flow is temporarily interrupted (blue arrowheads), and reappear when flow
is resumed (green arrowheads), verifying they are bound to the DNA and do not interact
with the lipid bilayer. A longer kymogram collected without YOYOL1 to avoid laser-induced
photocleavage of the DNA is shown in (d). Insets highlight 30-second windows where flow
was transiently paused. Other signal gaps result from QD blinking. During a 25-minute
observation at 37°C 0.9% of the nucleosomes (5 of 580) moved and/or dissociated from the
DNA, and the remaining 99.1% were stationary.
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Fig. 2. Predicted and observed nucleosome distribution patter ns on bacteriophage A.-DNA
The nucleosome distributions predicted by the Segal et al.6 (magenta) and the Field et al.14

(green) models for A-DNA are shown in (a). The AT-content of the \ is shown (blue line;
calculated with a 100-bp window) superimposed with the distribution of poly(dA-dT) tracts
=>5-mers (gray bars), which are asymmetrically distributed and comprise 3.2% of the phage
genome. The observed nucleosome distribution is shown in the lower panel, and is
comprised of data from both canonical nucleosomes and nucleosomes bearing H2AZ
(Supplementary Fig. 7). The theoretical data is shown at 1-bp resolution, and the observed
data is compiled into 758-bp bins. Supplementary Fig. 4 shows examples where the
predicted locations are binned to the same resolution as the experimental data. Panel (b)
shows Pearson correlation analysis of the poly(dA—dT) distribution and the observed
nucleosome distribution compared to the theoretical predictions.
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Fig. 3. Predicted and observed nucleosome distribution patterns on human $-globin DNA
Panel (a) shows an overview of the 82-kb human B-globin locus, highlighting details of the

23-kb fragment (chrll 5,205,941-5,229,259) used in this study. Also shown are the in vivo
nucleosome positions (purple) from Schones et al .53, and the ~7.2-kb deletion spanning
most of the §-globin gene and ~6-kb of upstream sequence found in Corfu 83-thalassemia
patients. Major ticks are at 1-kb intervals, and minor ticks are in 200-bp subdivisions. The
nucleosome distribution patterns predicted by the Segal et al.6 (magenta) and Field et al.14
(green) models for the 23-kb fragment are shown in (b), along with the observed patterns of
nucleosome deposition determined by single-molecule imaging (blue). Panel (c) shows
Pearson correlation analysis of the observed data for the 3-globin locus compared results
from the Segal et al.6 (left panel) and Field et al.14 models (right panel).
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Fig. 4. Thermodynamic landscapes for centromeric nucleosomes

Panels (a and b) show images in the presence and absence of buffer flow, population
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distribution histograms, overlays with the canonical/H2AZ distributions, and correlation

analysis for nucleosomes bearing Cse4 or Cse4/Scm3, respectively.
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