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SI Materials and Methods
Generating ab Initio Nucleosome Energy or Occupancy Profiles.Given
a genomic query sequence Q of length LQ and a structural
template T which consists of LT base pairs (LT = 147), we pro-
ceed as follows:

i) Generate the set Θ = {S1, S2, . . ., SN} of N = LQ − LT + 1
local sequences, where Sn is the continuous subsequence of Q
from position n to position (n + LT − 1).

ii) Generate the set Ω = {T1, T2, . . ., TN} of query structures,
where Tn is obtained by threading Sn onto the initial DNA
template (termed T0) using the algorithm defined in Materi-
als and Methods.

iii) Cytosines may bemethylated by conversion to 5-methyl-cytosine
(5Me-C) on both template structures: the nucleosomal DNA
[Protein Data Bank (PDB) ID code 1kx5] and linear B-DNA.

iv) The energy score En is calculated for each sequence on its
template. First, each structure in Ω is minimized (conjugate
gradient) (1) along Cartesian degrees of freedom to idealize
local stereochemistry. This procedure is followed by conforma-
tional optimization using a maximal number of 10,000 natural
move Monte Carlo (2) steps with temperature dropping from
500 to 5 K at an annealing rate of 0.996. Our rapid and local
optimization pipeline preserves the overall shape of backbone
without any restraint holding the DNA in a circle. All calcu-
lations have been performed using the Assisted Model Build-
ing with Energy Refinement (AMBER)99-bsc0 (3) force
field with an implicit electrostatic solvent description (4),
which uses a distance dependent dielectric of the form
«ðrÞ=D− D−D0

2 ½ðrSÞ2 + 2rS+ 2�expð−rSÞ with values D0 = 4,
D = 80, and S = 0.4 Å−1. All interactions are subject to a cutoff,
rcut = 10.0 Å and an adiabatic fourth order analytical switching
function (5), C4ðtÞ= τ5ð70τ4 − 315τ3 + 540τ2 − 420τ+ 126Þ
with τ= ðrcut − rÞ=α and α = 1.0 Å that smoothly turns off
interactions in the interval ½rcut − α; rcut�. Furthermore, an
implicit counterion effect is modeled by scaling the partial
negative charge of the two most electronegative atoms
(O1P and O2P) of the backbone so that each residue is
neutralized; this scaling facilitates rapid optimization. The
raw energy profile (the values of En for all n) is smoothed
with a filter width of 147 bp (length of DNA on the nu-
cleosome) using the direct form, transposed-implementa-
tion of the standard difference equation (6). All energies
are reported in units of kilocalories per mole.

v) The raw energy score per base pair, E(n) = En/LT may be con-
verted to a probability of occupancy P(n) = (1/Z) exp [−β E(n)]
at temperature 1/β of 300 K, where Z is the Boltzmann normal-
ization factor or partition function, Z = Σ exp(−βE(n)). The raw
probability profile [the values of P(n) for all n] is smoothed
using the procedure outlined in the previous step.

Our default initial template, T0, is the nucleosomal crystal
structure (PDB ID code 1kx5 from ref. 7). Further control cal-
culations also use an ideal DNA superhelix with 80 bp per turn
and a rise of 20.0 Å (8). To obtain the nucleosome formation
energy, separate calculations are performed using as template an
ideally straight right-handed B-DNA with 10.5 bp per turn. We
refer to these three template structures as “1kx5,” “ideal,” and
“linear,” respectively. In all calculations we model all atoms in-
cluding hydrogen atoms explicitly.
Fig. S1 illustrates and summarizes the various steps in our

computational approach, which was performed using the soft-
ware package Methodologies for Optimization and Sampling In

Computational Studies (MOSAICS) (9) and associated scripts.
The reproducibility of our calculations is facilitated by the online
tutorial that is available at www.cs.ox.ac.uk/mosaics/nucleosome/
nucleosome.html.

Generating Sequence Motif Distributions for Local Nucleosome
Sequences. To generate the probability of occurrence of motifs
in local sequences, S (Generating ab Initio Nucleosome Energy or
Occupancy Profiles), along a query genomic sequence, Q, our
algorithm works as follows:

i) Given Q, generate a set of N local sequences, Θ = {S1, S2,. . .,
SN}, where Sn is the 147-nt continuous subsequence of Q
starting at position n and representing a putative nucleosome
position.

ii) For a particular sequence motif H, calculate H(n), the num-
ber of times it appears in each local sequence Sn.

iii) The sequence motif probability distribution, PH(n) is defined
as PH(n) = H(n)/Z, where Z = Σ H(n) is a normalization
factor chosen to ensure that the probabilities sum to 1.

SI Results and Discussion
In Silico Prediction of Occupancy Profiles on the Genomic Scale. The
method outlined in Fig. S1 was used for predicting the nucleo-
some occupancy profile along the 187,000 to 207,000-bp region of
chromosome 14 in yeast (10, 11). This DNA sequence was chosen
because its occupancy profile has been carefully investigated by
experimental methods both in vitro and in vivo (11, 12). Fig. S2
compares the predicted nucleosome-positioning distribution (ab
initio) along this 20,000-bp region with occupancy profiles ob-
tained from both in vitro and in vivo experiments. These calcu-
lations were performed using the AMBER99-bsc0 force field (3),
an implicit electrostatic solvent description (4), and a DNA tem-
plate from the crystal structure (7) with PDB ID code 1kx5. The
relatively simple description of the solvent is not only in good
agreement with experimental data (4) but also needed here so as to
realize the computational advantage of collective moves (2). Fig. S2
also presents the computed profile referred to as “ab initiojR” that
depends on nucleosome formation energy and has been calculated
with respect to linear DNA (ideally straight right-handed B-DNA
with 10.5 bp per turn). It is clear from Fig. S2 that both the ab initio
and ab initiojR profiles capture many features of the in vitro profile
whereas they have less resemblance to the in vivo profile.

Sequence Statistics, ab Initio, and Experimental Predictions. Fig. S4A
compares the sequence position-dependent correlations between
the in vitro occupancy and three other profiles based on ab initio
prediction, Segal model (12) (in vitro reconstruction), and in
vivo occupancies, respectively. Given that the Segal model is
trained on the in vitro data, their very strong correlation [cor-
relation coefficient (CC) = 0.8185] is expected, however it is
interesting to notice that Segal model correlates even more with
GC percentage (Fig. S4B). It is clear from the figure that cor-
relation between the ab initio and in vitro (CC = 0.6155) is
significantly stronger than correlation between the two experi-
mental profiles, in vitro and in vivo (CC = 0.5065). Given, that
the correlations between in vitro and in vivo are dramatically
below the rest of the curves it suggest that the in vivo occupancy
is affected by many additional factors only present in the cell.
Fig. S4B shows the correlations between GC percentage and

ab initio nucleosome occupancies, GC percentage and the Segal
model, and CG percentage and in vitro predictions as a function
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of sequence position. In general, the correlation of GC per-
centage with in vitro occupancy is similar to that with ab initio
occupancy. Furthermore, Fig. S4B clearly identifies the corre-
lation between the Segal model (12) and GC percentage as the
strongest. This observation is also supported with the largest
overall correlation coefficient CCGC-Segal = 0.8779 compared
with CCGC–ab initio = 0.7431 and CCGC–in vitro = 0.6843.
It is interesting to mention that the most widely used sequence

knowledge-based model (12), which has been trained on the in
vitro data, is more correlated with GC percentage (CC = 0.8779)
than with experiment (CC = 0.8185) and the dominance of the
GC effect was reported in several studies (13). Thus, as our
calculations further verifies this effect, the in vitro experimental
profile is primarily driven by the GC percentage to a strong
extent signified by a correlation coefficient CC = 0.6843. To
arrive to a final nucleosome occupancy profile, the basic GC
effect is augmented with more delicate sequence- or structure-
based factors, which may include the distribution of certain
motifs along the sequence and/or positions with varying DNA
groove width (12, 14–17).

Sensitivity to Counterion Treatment, Force Fields, Solvent, and
Template Structures. Fig. S6 shows that our default implicit
counterion treatment produces sufficiently identical results to the
explicit case. In the explicit counterion treatment, a single sodium
counterion with a positive charge and the standard atom type
NA (sodium) of the AMBER-99bsc0 (3) force fields has been
initially randomly placed close to each nucleotide along the
backbone of the DNA superhelix. The position of each coun-
terion is updated at each step of the simulated annealing Monte
Carlo trajectory; a new position is drawn from a 3D normal dis-
tribution centered on the current position.
When predicting nucleosome occupancy along sequence

regions, it is essential to understand how these calculations de-
pend on the force fields. Here, we choose a short 2,000-bp se-
quence region (chromosome 14, 187,000–189,000) that has a
characteristic occupancy profile according to in vitro experi-
ments (12). Based on the nucleosome DNA crystal structure
1kx5 (7) (Fig. 1), we obtain nucleosome occupancy profiles (Fig.
S2) for three different force fields—AMBER99 (18), AMBER99-
bsc0 (3) (which is used as our standard), and Chemistry at Har-
vard Macromolecular Mechanics (CHARMM)27 (19)—and the
same implicit description of solvent (4). It is clear from Fig. S7A
that the main features of the in silico occupancy profile are not
force-field dependent. Fig. S7A also indicates that the fit between
the ab initio and in vitro profile depends on position along the
DNA with predicted regions that are medium (187,000–187,500),
good (187,500–188,500), and bad (188,500–189,000). In fact, the
fit is unusually bad in the region 188,500–189,000 and Fig. 2A
gives a position-dependent correlation coefficient of 0.0 between
in vitro and predicted nucleosome occupancy at 189,000 (2,000-bp
window from 188,000 to 190,000).
Fig. S7B compares nucleosome occupancy profiles computed

in vacuo and the one obtained using our standard solvation
model (4). It is clear that removing the effect of solvent has
a significant impact on the computed occupancy profiles; se-
quence regions with low occupancy become less populated
whereas regions with high occupancy become more populated.
For example, of the three most characteristic peaks of the profile
with solvent, only the most dominant is present in the profile
without solvent (sequence position 188,250). It is also clear from
Fig. S7B that removing the solvent effect can be compensated by
an increase in temperature so that the solvent-free profile ob-
tained for high temperatures resemble the standard 300-K pro-
file with solvent effect. Given that our solvent treatment only
affects the electrostatic terms in the energy function, this indicates
that electrostatic contribution is the dominant energy term guiding
nucleosome positioning.

Another concern about our ab initio protocol is the de-
pendence on the initial structure of the DNA template. We in-
vestigate this phenomenon by generating profiles for two distinct
structural templates: nucleosome crystal structure 1kx5, which is
used as our standard, and an ideal DNA superhelix (8). Fig. S7C
clearly shows that the main features of the ab initio occupancy
predictions do not depend on the choice of the initial template.
It is particularly interesting that even in the case of the ideal
template, good correlation with the experiment is found. On the
other hand, Fig. S7C indicates some subtle differences between
profiles generated with the experimental template and that ob-
tained using the ideal template. Note that these subtle differences
can affect accuracy when predicting binding locations along strong
positioning sequences.

The Effect of Changing the Threading Protocols.Does our method of
threading affect the calculated occupancy profile? Given our
standard force field (AMBER-99bsc0) and structural template
(1kx5) one can thread the genomic sequence onto strand A
starting at the 3′ end while at the same time strand B accom-
modates the complementary sequence. Alternatively one could
start threading strand A at the 5′ end. In addition, one could
exchange the genomic and its complementary sequence between
strands. Fig. S7D illustrates that the way of threading has little
effect on the predicted occupancy profiles. Clearly, the choice
made in defining our standard threading protocol, which starts
threading the genomic sequence to the 3′ end of strand A, is of
no consequence. Note that this claim only holds for an ideal
superhelical template such as that described in ref. 7 but may not
hold for an asymmetric template, such as the nucleosomal crystal
structures that include 601 DNA.

Toward Fragment-Based Calculations.Fig. S8 illustrates the effect of
using only short-range (<7 Å) interactions on the nucleosome-
formation energy profile for the first 1,000 sequence positions in
Fig. 5A. It is clear from Fig. S8 that using short-range inter-
actions, we can also predict some nucleosome positions, however
this approach can lead to the identification of false minima that
predict the presence of nucleosomes outside nucleosome-posi-
tioning sequences. This sort of short-range calculation mimics
only one aspect of fragment-based methods in that they do not
take into account all of the interactions we explicitly include in
our approach (e.g., neighboring double-helix interactions). The
use of fragment-based methods is further exposed to the lack-of-
fragment-boundary problem during conformational minimization
because the terminal nucleotides of fragments do not experience
the presence of adjacent nucleotides. These approximations can
lead to significant deviations from DNA geometry. Because we
model the entire nucleosomal DNA, we are not exposed to the
above dangling-boundary effects.

Contact Density in the Nucleosome Core Particle. We investigated
the contact density in the reconstructed nucleosome core particle
that is composed of our optimized nucleosomal DNA and the
histone core proteins that we obtain from PDB structure 1kx5.
After adding all hydrogens to histone core proteins (we always
model DNA hydrogen atoms explicitly), we count the contacts
made by all nucleotide base atoms with the remaining structure in
0.1-Å bins in the interval from 1.5 and 7 Å. In addition, we
distinguish the contacts that occur within the DNA strands from
the contacts that occur between them and the last types of
contacts occurring between any of the DNA strands and the
histone core proteins. Fig. S9A shows a typical contact density
profile for a reconstructed nucleosome core particle. It is very
clear from Fig. S9A that the contacts within and between the
DNA strands dominate the contacts that occur between the
DNA and histone proteins. Note that it has been also pointed
out (20) that those limited numbers (compared with the number
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of DNA-DNA contacts) of DNA–protein contacts are non-
specific, therefore further supporting our finding that the phys-
ics-based factors (tested in the in vitro experiments) guiding
preferential binding toward positioning sequences mainly arise
from the properties of the nucleosomal DNA.

The Methylation Effect on Contact Density. Fig. S9B illustrates the
effect of methylation on the contact density profiles shown in
Fig. S9A. Although close inspection identifies very minor effects
on the contact density profile within the DNA strands, Fig. S9B
makes it clear that no new protein-DNA contacts form due to
the methylation. Focusing on the contacts made by the cytosine-
type base atoms (both in pure and 5Me-C DNA seen in Fig.
S9C) shows that new contacts due to methylation occur mainly
within DNA strands, suggesting a primary effect on either base–
base stacking or the interaction between base and backbone
atoms of the same strand. Fig. S9D demonstrates that the con-
tacts of thymine bases are less directly affected by methylating of
all cytosine residues.
Comparison of the sequence dependence and the methylation

effect on the contact density is presented in Fig. S10. Fig. S10A
shows the contact density between DNA strands and demon-
strates that the methylation effect is not comparable in magni-
tude to the sequence effect for contacts that are within ∼5.5 Å.
For more distant contacts the effect of methylation becomes as
noticeable as the effect of changing the sequence. The effect of
methylation is as significant as the sequence effect for all con-
tacts within DNA strands. This finding further demonstrates that
methylation have more influence on the packing of nucleotides
within one DNA strand rather than on the contacts between
individual DNA strands.

Reversibility of the Calculation. Using the entire set of optimized
structures representing all nucleosome locations used in Fig. 5A,
we performed calculations to demonstrate the reversibility of our
approach. To do this we used the above set of structures to
obtain an ensemble of new templates. Fig. S11A presents the
distribution of the energies we obtain for the native sequence
(from 1kx5 of ref. 7) when it is threaded and optimized on the
above ensemble of nucleosomal templates. Compared with the
energy distribution of different sequences on the same template
structure (1kx5), we clearly show that the energy distribution of
the native sequence on an ensemble of different templates is
narrow. In addition, the rmsd distribution shown in Fig. S11B
illustrates that we can recover the native structure within 1.5-Å
resolution, still within the original resolution of the nucleosome
core particle. Note, that for this test, we found it sufficient to
study the energy of the nucleosome instead of studying the nu-
cleosome formation energy, that is the energy difference be-
tween the nucleosomal and linear forms.

Minor Grooves and Helical Parameters of the DNA. As it is indicated
in Fig. S11, our procedure when applied for a local sequence
(representing a nucleosome position) does not change the tem-
plate structure beyond its own resolution (1.9 Å) because only
local conformational optimization is used so that we could afford
to study many nucleosomal systems (over ∼100,000 in this work).
These findings are in accordance with the conservation of DNA
minor groove variations shown in Fig. S12A and the DNA helical
parameters depicted in Fig. S12B. These conserved minor groove
variations carry information about the presence of the histone
core and only modulate the occupancy profiles, whose coarse
shape is determined by global superhelix geometry. This finding
is in agreement with observations in ref. 21.
The simulated linear DNA remains ideally straight as in the

initial structure. For the same sequence position used in Fig. S12,
this observation can be quantified by the 0.384-Å C4′-rmsd
deviation between the backbones of the aligned simulated and

initial structures, where the latter was built to be ideally straight
along the helical axis. Next, we calculated the angle between the
helical axis for the initial and the best-fit helical axis for the
simulated structures. This angle was found to be 0.001 radian
(0.081°). Based on this observation, the deviation from the ideally
straight geometry is on the order of 10−3 radian or 0.1°. Another
measure of the deviation from ideally straight geometry is the
modulation in minor groove width, which was found to be on the
order of 0.1 Å and all minor groove values are in the interval
[11.7 Å, 11.9 Å]. Finally, the preservation of the ideal DNA he-
lical parameters is further demonstrated by the 3.35-Å axial rise
per residue with a SD of 0.07 Å found in the simulated structures.
Note that the magnitude of these deviations (∼0.1 Å) from the
ideal straight geometry is at least an order of magnitude smaller
than the resolution (1.9 Å) of the nucleosomal DNA template
(7) structure.
Therefore, sequence effects on the helical parameters of linear

B-DNA have no noticeable consequence in our calculation. In
addition, note that both nucleosome occupancy (Fig. S2B) and
the methylation effect (Fig. 3 B–D) are arising from the nucle-
osomal structure, whereas the energy of the linear structure is
mainly used to eliminate dependence on trivial factors such as
the number of hydrogen bonds between strands. Nevertheless,
the initial B-DNA template was constructed from an ideally
straight reference polyadenine sequence.

Computational Requirements. The computational requirements of
the physics-based approach depends on the details of the un-
derlying protocols such as the total number of energy evaluations
needed to obtain a score for a particular sequence position. Given
that matching a sequence to its template requires only a local
conformational search, the method of energy evaluation can be
customized to reduce the cost of energy evaluation. Furthermore,
the independence of each sequence calculation enables perfect
parallel processing in which different subsequences are given to
each of many processors running independently. It may not be
necessary to slide the nucleosome along the DNA one nucleotide
at a time. The optimal sliding step size consisting of several
nucleotides can be determined based on deviation from profiles
obtained with a single step size.

Limitations of Our Approach. The major limitation of the present
study is its speed compared with sequence-dependent knowledge-
based approaches. Thus, the length of genomic sequences that
can be predicted is smaller with the present ab initio approach.
Another limitation of the approach is the accuracy of the un-
derlying force field, a limitation shared by all molecular modeling
studies. Although our method is unique in its ability to bring
consistent improvement into this rapidly developing field in
parallel with our advancing knowledge of basic atomistic inter-
actions, the present state of the art force fields are currently
unable to provide prediction accuracy at base-pair resolution
and predict experimentally known nucleosome-positioning pro-
pensities. By specifically developing force fields for this particular
question and custom-designing structural optimization protocols
to better capture the effect of sequence on the nucleosome
template, we hope that we can overcome the above limitations in
the next few years. Thus, the current work, to our knowledge, only
represents the first step in a series of incremental advances.

Further Prospects. Cost-effective knowledge-based sequence-
dependent methods could be combined with our ab initio approach
leading to hybrid protocols. One possibility would be to use our
approach to refine occupancy profiles based on sequence statistics.
Another possibility would be to use our occupancy profiles for
methylated DNA as a training set for sequence statistics-based
methods (12, 16) so that the effect of methylation on the sequence
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specificity of nucleosome positioning could be evaluated ge-
nome-wide.
Because our ab initio approach is expected to predict the se-

quence preference for arbitrary DNA templates, it can be used
to model nucleosome translocation mechanisms. This could be
achieved with a series of DNA templates each representing an
intermediate state along a proposed nucleosome translocation

reaction coordinate. The sequence preferences of these inter-
mediates could help to support or undermine a proposed nucle-
osome translocation mechanism predicted for a certain sequence
region. Thus, we may be able to investigate whether nucleosome
translocation is dictated by the same mechanism throughout the
whole genome or whether there are local preferences, each trig-
gered by local sequence patterns.
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Fig. S1. Schematic illustration of the steps used in our ab initio approach to generate nucleosome occupancy profiles from first principles. (A) The use of an
initial DNA template (T0) of LT base pairs and the query (genomic) sequence Q of length LQ base pairs is shown. Local sequences Sn (n = 1,. . .,LQ − LT + 1) are
obtained by sliding the target sequence window (LT base pairs) along the query sequence Q. (B) The two-stage process in which Tn, the nucleosome ac-
commodating local sequence Sn, is built is shown. In the first stage each nucleotide base of T0 is replaced with three pseudoatoms defining its plane (P). In the
second stage, new nucleotide bases are built onto each plane. For example, how the fifth base (adenine) of the 3′–5′ strand of the template T0 is replaced with
the fifth base (cytosine) of the local sequence Sn is demonstrated. The complementary nucleotides on the 5′–3′ strand are also built. (C) If methylated DNA is
modeled, then all cytosines are converted to 5Me-C on all template structures on both the nucleosomal DNA (PDB ID code 1kx5) and linear B-DNA forms. (D)
The position of Tn along the genomic sequence and the terms of the energy function that are used to evaluate the score of this position are shown. (E) The all-
atom energy scores are converted to probabilities.
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Fig. S2. Ab initio nucleosome occupancy profile along a 20,000-bp sequence of genomic DNA from yeast; sequence positions 187,000–207,000 in chromosome
14. The DNA template was taken from the crystal structure of PDB ID code 1kx5 and the molecular mechanics AMBER99-bsc0 force field with an implicit
description of solvent was used for all calculations. The experimental profiles (red and green) have been placed on the same scale to facilitate comparison with
the predicted data (cyan) using two separate approaches distinguished by the final energies [E(n) in Fig. S1D] used to generate the occupancy profile. In the
first approach (ab initio), E(n) is defined as the energy obtained for the nth local sequence minus the average energy obtained for all sequences considered. In
the second approach (ab initiojR). we define E(n) as the difference between the energy obtained for the nucleosome with the nth sequence minus the energy
obtained for an ideal linear B-DNA holding the same sequence. The double-headed arrow (Inset) shows the length of the sequence region accommodating
a nucleosome. A similar length of 147 is also used in the filter that smoothed the ab initio data. The dashed yellow lines mark the average nucleosome oc-
cupancies over the 20,000-bp region.
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Fig. S3. Additional correlations are presented for Fig. 3. (A) The methylation energy on the nucleosome EnMe − En is plotted against nucleosome formation
energy En − El. The strong anticorrelation is captured by the correlation coefficient CC = −0.739. (B) Plotting the methylation energy on the nucleosome EnMe − En as
a function of the methylation energy on the linear form ElMe − El reveals the strong correlation (CC = 0.637) between the two quantities. (C and D) The methylation
energies on the nucleosomal and linear forms are plotted against the in vitro occupancy. The correlation coefficients for the nucleosomal and linear forms are CC =
0.556 and CC = 0.360, respectively.

Fig. S4. Correlations among GC percentage, in vitro, in vitro model reconstruction (Segal), in vivo, and nucleosome formation energy (En − El)-based ab initio
profiles. Position-dependent correlations are calculated as the correlation coefficient in a 4,000-bp sequence window that slides along a 20,000-bp sequence of
genomic DNA from yeast; sequence positions 187,000–207,000 in chromosome 14. (A) Position-dependent correlations between in vitro and all other profiles.
The overall correlations are 0.8185, 0.6155, and 0.5065 for in vitro and Segal (blue), in vitro and ab initio (brown), and in vitro and in vivo (green), respectively.
(B) Position-dependent correlations with GC profile. The overall correlations are 0.8779, 0.7431, and 0.6843 for GC and Segal (black), GC and ab initio (orange),
and GC and in vitro (magenta), respectively.
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Name      Length  Dyad             Name            Length Dyad 
601           147    74 CAG 132 N/A 
603        234    154 TATA 126 N/A 
605        231    132 CA 124 N/A 
5S_rDNA    190    74, 92 NoSecs 124 N/A 
pGub 183    84, 104 TGGA 123 N/A 
C globin 215    125 TGA 115 N/A 
Mmsat 123                N/A              *RRR 147 74 

Length     

Dyad     

RRR   601   RRR    603      RRR   605  RRR 

601, 603, 605, RRR
601        RRR           603     

TEST SEQUENCE 

Fig. S5. Illustrating the composition of the test sequence that is constructed by concatenating 13 established nucleosome-positioning target sequences (used
in ref. 13), 601, 603, 605, 5S_rDNA, pGub, chicken β-globin, mouse minor satellite (Mmsat), CAG, TATA, CA, NoSecs, TGGA and TGA with RRR, a 147-nt long
random DNA sequence generated by an online engine (www.faculty.ucr.edu/∼mmaduro/random.htm) using a C+G/A+T ratio of 0.40. The table presents the
length and known dyad locations of nucleosome-positioning sequences. Note, that some target sequences (601) have the length equal to that of the nu-
cleosome DNA (147 bp) while others may be longer (603, 605) or shorter (Mmsat). For some nucleosome-positioning target sequences such as 601, 603, 605, 5S
rDNA, pGub, and chicken β-globin, information for the exact dyad location is also provided.
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Fig. S6. (A) Nucleosome formation energies for normal DNA modeled by using implicit (black dotted line) and explicit (orange) counterions as a function of
the dyad position along the test sequence that is constructed by concatenating nucleosome-positioning sequences separated by a random DNA sequence of
147 nt (Fig. S5). The vertical green lines indicate dyad locations where the nucleosome is expected to be centered. If the dyad location is not known, the green
lines refer to the center nucleotide of the sequence. The blue lines indicate the center of the random sequence on our nucleosome template. Circles mark
minima or saddle points of the computed energy. (B) Showing four properties of 13 established positioning sequences (Fig. S5), 601, 603, 605, 5Sr DNA, pGub,
chicken β-globulin, Mmsat, CAG, TATA, CA, NoSecs, TGGA and TGA. (Row 1) L is the length or the number of nucleotides in the sequence. (Row 2) D is an
experimentally verified dyad location (if available). (Row 3) ΔD is the difference between the dyad location and the nearest energy minimum (or saddle point)
for normal DNA modeled with implicit counterions. Yellow shading highlights the accurate prediction of nucleosome positions (within 10 nt) for 4 of the 6
sequences with verified dyad locations. If dyad locations are not known, ΔD represents the difference between the location of the center nucleotide and the
nearest energy minimum or saddle point. (Row 4) ΔDC is the same as ΔD for DNA modeled with explicit counterions. The red box highlights one example where
the explicit treatment of counterions leads to a different prediction.
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Fig. S7. Sensitivity of computed nucleosome occupancy profile to different force fields, solvent conditions, different initial DNA templates, and different ways
of threading the same (reference) sequence onto the template. (A) Ab initio nucleosome occupancy generated along sequence region 187,000–189,000 in yeast
chromosome 14, using the DNA template from PDB crystal structure 1kx5 and three different force fields—AMBER99-bsc0 (cyan), AMBER99 (blue), and
CHARMM27 (green)—each used with the same implicit description of solvent. The renormalized experimental profile (red) is shown for comparison. (B) Ab
initio occupancy profiles based on template 1kx5 and the AMBER99-bsc0 force field were generated both with and without the distance dependent dielectric
treatment that we use to account for solvent effects. Solvent-free profiles at various temperatures: T = 300 K (solid black), 1,200 K (dashed black), 1,500 K (solid
brown), and 2,500 K (dashed brown) are compared with the profile with solvent at T = 300 K (cyan) as well as that from in vitro (red) experiment. (C) Ab initio
nucleosome occupancy profiles based on AMBER99-bsc0 force field with solvent were generated using two different templates: 1kx5 (cyan) and ideal DNA
superhelix (green). The correlation coefficients to the experiment are 0.7714, 0.7800, and 0.8210 for force fields AMBER99-bsc0, AMBER99, and CHARMM27,
respectively, and 0.7458 and 0.7187 for template DNA from 1kx5 and ideal superhelix, respectively. (D) The three different threading scenarios are tests. In the
original case (cyan), the reference sequence is threaded onto strand A starting at the 3′ end while strand B accommodates the complementary sequence. In the
exchange case (green), the reference and its complementary sequences are exchanged between strands. In the reverse case (blue), the reference sequence is
threaded onto strand A starting at the 5′ end; it is also shown in a flipped version (around a vertical axis) to aid comparison (dashed blue). In the main results
presented here, AMBER99-bsc0 force field and the DNA template from crystal structure 1kx5 were used.
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Fig. S8. Nucleosome formation energies for normal DNA modeled by using our method with a standard cutoff of 12 Å (black line) and an artificially small cutoff of
7 Å (brown line) for the first 1,000 positions of Fig. 5A. The energy minima are denoted by red circles and dots. For both cutoffs, the energy minima identify nu-
cleosome positions located on each of the 601, 603, and 605 nucleosome-positioning sequences. In addition, the artificially small cutoff protocol predicts a false
positive minimum (brown dashed circle), and identifies a nucleosome-binding position where no nucleosome-positioning sequence is present.
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Fig. S9. Distance-dependent contact density (CD) in the reconstructed nucleosome core particle composed of our optimized nucleosomal DNA structure
(representing the first minimum in Fig. 5A) and all histone proteins (obtained from PDB ID code 1kx5) with added hydrogens. The number of contacts made by
DNA base atoms is calculated in bins 0.1-Å wide in the interval from 1.5 to 7 Å and the resulting numbers are normalized by the volume (4/3 π[(r + dr)3 − r3]) of
successive spherical shells. (A) Contact density within DNA strands (green) and between DNA strands (red) and between DNA and protein (histones) (blue). (B)
The contact density presented in A is compared for pure (black dashed line) and methylated (colored solid line) DNA. (C) The contact density for the cytosine
base in pure and 5Me-C DNA. Arrows indicate the noticeable deviation due to methylation in the contact densities within strands. (D) The same as in C for the
thymine base. In all calculations contacts within the same nucleotide are excluded.
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Fig. S10. The distance-dependent CD (Fig. S9) between DNA strands (A) and within DNA strands (B) is calculated for different DNA sequences—Sm(605)
(green), Sm(5SrDNA) (red), and Sm(Cβglob) (blue)—that represent local minima on the nucleosome formation energy landscape presented in Fig. 5A. Results are
shown for both methylated (solid line) and pure (dashed line) DNA. The brown arrows mark the minimum distance above which the methylation effect
becomes comparable to the sequence effect.
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Fig. S11. (A) Distribution of minimized nucleosomal DNA energies for the native sequence (black) of 1kx5 accommodating all template structures initially
minimized for each individual local sequence used in the calculation for Fig. 5A. The distribution of nucleosomal DNA energies optimized for each individual
local sequence starting from the PDB template structure of 1kx5 is also shown (red). (B) Distribution of the rmsd of the reconstructed native structures of 1kx5
used in A from the original 1kx5 structure from the PDB.
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Fig. S12. The minor groove width and the helical parameters of the nucleosomal DNA accommodating the Sm(Cβglob) sequence (orange dashed line) used in
Fig. S10 are compared with the same parameters for the crystal structure (black solid line) PDB ID code 1kx5. (A) Minor groove width. (B) Helical parameters:
shift, slide, and rise in Å and tilt, roll, and twist in degrees. Our procedure preserved the detailed helical geometry of the X-ray structure.
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