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Analysis of nucleosome repositioning

To analyze the sliding of nucleosomal DNA relative to the histone octamer and the remodeler, we use the same

approach  employed  in  our  previous  study  on  spontaneous  nucleosome repositioning  [1].  Specifically,  we

defined a set of continues collective variables that we call contact indexes Δbpi, one for each of the 14 histone-

DNA contact points locates at the half-integer super-helical locations (i= +/-0.5, …, +/-6.5), and one for each

lobe of the translocase (i= L1, L2). The contact index  Δbpi evaluates the motion of DNA, in base pairs, at

contact point i relative to an initial reference configuration, which is taken to be the 1KX5 crystal structure for

the histone contacts and the 5X0Y cryo-EM structure for the translocase contacts. To this aim, we first identify

for each contact region the set of DNA phosphate beads and protein Cα beads that are within 10 Å from each

other. Then we compute, for each group of beads forming a contact i, a set of root mean square deviations

rmsdij from equally many reference structures,  but  where the ids of  the DNA beads have been shifted to

reproduce an ideal screw like motion of DNA by j base pairs (in our analysis j goes from -15 to +15 bp). Let us

now consider for instance the histone-DNA contact i. At time 0, the DNA adopts the configuration found in the

1KX5 crystal, so that rmsdi0 is close to zero, whereas rmsdij for j different from zero is significantly larger. On

the other hand, if  after some time the DNA slides forward by 1 base pair via a rotation-coupled motion at

contact point i (as happens in our simulations), then rmsd i1 will be now close to zero, whereas all others will

take larger values. Then, the number of base pairs by which the DNA moved at a certain contact i relative to

the initial configuration is simply given by the index j which gives the smallest rmsd from the reference. We

compute this value as a continuous path collective variable Δbpi as:

                                                        Δbp i(x)=
∑j

j exp(−λ rmsd j)

∑ j
exp(−λ rmsd j)

where λ  is a set to 2.3 times the average rmsd between two consecutive references. This expression was

originally used to study reaction pathways via molecular dynamics simulation in combination with enhanced

sampling methods [2].

Free-energy calculations and Markov state modeling

To characterize nucleosome repositioning induced by the remodeler in the ATP state (Figs 3 and 5 of the main

text), we calculated free energy landscapes and kinetics via Markov state modeling (MSM)  [4]. To this aim,

clustering of the conformations was performed via the Density Peak algorithm [5], computing the local density

on the space defined by the contact indexes of the ATPase lobes and the nucleosome at SHLs -1.5, 1.5 and

2.5  (ΔbpL1,  ΔbpL2,  Δbp-1.5,  Δbp1.5 and  Δbp2.5),  using  a  Gaussian  kernel  of  0.1  bp.  These  coordinates  are
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sufficient to describe the slow formation of nucleosome twist defects and translocase motion that controls the

repositioning, as DNA motion at other regions is faster [1]. The clustering correctly separates the metastable

conformations corresponding to the local free energy minima in the landscapes of Fig 4b and Fig 5b, i.e. states

cA0, cA1, cB0, cB1, cC1, cC2, cD1, cD2, o0 and o1. The Markov state models were generated using the

software PyEMMA [6] with a lag time of 2.5x105 MD steps, after which the estimates of the relaxation time

scales of the models remain nearly constant (S3 Fig). For the MSMs of the remodeler (wild type or mutant) on

601Δ3 nucleosomes,  the 100 unbiased trajectories were sufficient  to  obtain  a connected set  of  transitions

covering the phase space. For all other systems, due to the higher free energy differences, this approach was

not  viable,  since after  the first  sliding of  nucleosomal  DNA induced by the translocase closure we never

observe the reverse transitions back to  the original  configuration,  preventing the reconstruction of  the full

dynamics. To solve this problem, we run for each system 10 additional 108-MD-steps simulations with a biasing

harmonic  potential  along the Snf2-DNA rmsd, adjusted so that  the initial  (cA0, cA1) and final  (cD1,  cD2)

configurations  along  the  remodeling  pathways  have  roughly  the  same  free  energy,  allowing  to  observe

transitions in both directions. The unbiased free energy landscapes and kinetics can then be reconstructed

using the recently-developed transition-based reweighting analysis method (TRAM) for multiensemble Markov

models [7]. The free energy profiles reported in Figs 3 and 5 of the main text were generated by reweighting

the populations of the MSM clusters along the corresponding collective variables. Errors on the free energy

profiles were evaluated by computing the standard deviation of  the profiles obtained from distinct  sets of

trajectories, giving in all cases errors within ~0.3 kBT. The free energy profiles of spontaneous repositioning in

the absence of Snf2 (in Fig 3) were generated by reweighting the conformations observed in 8x10 8-MD-steps

simulations,  where we introduced a linear bias along the average contact  index at  SHL 2 to facilitate the

uniform exploration  of  the phase  space  (especially  important  for  the  601  positioning  sequence),  and  two

harmonic walls to prevent sliding by further than 1.5 bp in either direction away from (Δbp1.5+Δbp2.5)/2=0. The

minimum-energy paths in Fig 5 were determined via the nudged elastic band optimization method [8].
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