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Abstract

Chromatin organization and dynamics is studiedhia work at scales ranging from
single nucleosome to nucleosomal array by usingnigue combination of biochemical
assays, single molecule imaging technique and noateanodeling. We demonstrate that a
subtle modification in the nucleosome structureugetl by the histone variant H2A.Bbd
drastically modifies the higher order organizatairthe nucleosomal arrays. Importantly, as
directly visualized by AFM, conventional H2A nuckmmal arrays exhibit specific local
organization, in contrast to H2A.Bbd arrays, whsettow “beads on a string” structure. The
combination of systematic image analysis and thmalemodeling allows a quantitative
description relating the observed gross structutanges of the arrays to their local
organization. Our results strongly suggest thathévigprder organization of H1-free
nucleosomal arrays is mainly determined by the télatton properties of individual
nucleosomes.Moreover, numerical simulations suggest the existee of attractive
interactions between nucleosomes to provide the deg of compaction observed for

conventional chromatin fibers.

Introduction

The major elementary building blocks of chromatfipgre known since a few decades
to be the nucleic acid (DNA) bearing the genetforimation, and the four different histones
(H2A, H2B, H3, H4) arranged by pairs into an octamethe first level of conserved
organization of these molecules is the nucleosomehich about 1,75 turns of DNA (147
bp) are wrapped around the histone octamer (2). Sfiadial organization of nucleosomal
array in the presence of the linker histone H1 gjise to several higher order structures of
chromatin fiber, the first one being the so-calR@Inm chromatin fiber. Several different
models for the 30 nm chromatin fiber structure wereposed in the literature (3-6).
Chromatin is highly dynamic and numerous factorsluding nucleosome remodeling

complexes, histone chaperones and histone vaaaatsssential for maintaining its dynamics

7).

Histone variants are non-allelic isoforms of thenantional histones (1) and are
expressed in a relatively low amount compared &ir ttonventional counterparts suggesting

that in addition to their structural role, they imidnave some specialized function (for a recent



review see (8)). While all histones, except H4,g5ess their variants, H2A has the largest
family of them (8). The histone variant H2A.Bbd&rr body deficient’) belongs to the H2A
family. It shares only 48% homology with its pairttistone (9). H2A.Bbd is excluded from
the X inactive chromosome of female vertebrate @) its localization in chromosome
regions where the chromatin is acetylated suggleatdH2A.Bbd could have a positive role in

transcription (10).

A characteristic feature of the histone variant H2#d structure is that the residues
that contribute to the nucleosome core particle FN@cidic patch are missing (9). In
addition, it lacksthe C-terminus characteristic of the H2A familyvasll as the end of the
docking domain of H2A that was shown to be involwedhe interaction of the H2A/H2B
dimer with the (H3/H4)tetramer (10, 11). Several types of experimenset@&n biochemical
approaches or microscopy techniques have showndbsatDNA is organized in H2A.Bbd
nucleosomes compared to conventional nucleosomEs Kloreover this sub-complexed
nucleosomal structure is more dynamic (12, 13) awxHibits a weaker thermodynamic
stability than the canonical nucleosome (12, 14)e Tnore open structure of H2A.Bbd
nucleosome was shown to facilitate the accessaastription factors (15) and base excision
repair factors (16), which suggests that this veriaucleosome represents a lower physical

barrier for chromatin associated processes

By using a fusion protein Bbd.ddH2A (a H2A.Bbd ckma, in which the docking
domain is replaced with that of conventional H2AE were recently able to show that the
docking domain is in part responsible for the sjegroperties of the H2A.Bbd mono-
nucleosome (12). In addition, recent analyticaltcmation experiments demonstrated that
H2A.Bbd nucleosomal arrays exhibited less comptatsire in the presence of magnesium
compared to that of conventional H2A arrays (1#)isTspecific property of the H2A.Bbd
arrays appeared to be determined by the lack dicapatch in the H2A.Bbd histone octamer
7).

In this work, we use a combination of biochemicathniques, Atomic Force
Microscopy and numerical modeling in order to vimeand compare quantitatively the
structural and dynamic properties of reconstitutedcleosomal arrays with either
conventional H2A or H2A.Bbd histone variant or ckimc Bbd.ddH2A protein. When
combined with image analysis, AFM allows the detecof the position of each nucleosome
within the analyzed chromatin coil. Subsequentie 2D structure factor for each type of

studied chromatin sample can be calculated, whiwbles us to probe the structure and



dynamics of the chromatin at various scales ranffimmm the monomer size (~ 10 nm) to the
whole fiber size (~ 100 nm). By comparing the ekpental structure factors to those
obtained for simulated chromatin arrays, we quatgly relate the equilibrium parameters
measured on the mono-nucleosome to the structarahpeters describing the corresponding
nucleosomal arrays and thereby unravel the indaliduwcleosome mechanical requirements

for nucleosome array to fold into a compact fiber.

Results and Discussion

Nucleosomal arrays reconstituted on 601 DNA repedts different repeat numbers
were used in the experiments. The 601 DNA sequerkibits a high positioning signal that
enables us to obtain both conventional and vanacteosomes accurately positioned along
the DNA at specific positions (18). In addition r@xperimental conditions were restricted to
low salt environment to prevent both variant octardestabilization (19) and fiber-fiber

interactions in high divalent salt concentratioruasd in the centrifugation studies (17).

Conventional H2A, histone variant H2A.Bbd and céiro Bbd.ddH2A nucleosomal
arrays were reconstituted by salt dialysis onto DN&gments of 1, 1.8, 3 and 6.3 kbp
containing 5, 9, 15 and 32 repeats of 601 posiigriequences respectively (repeat length
197 bp). Small amount of mono-nucleosomal sized5& was used as a competitor DNA
in the chromatin reconstitution to achieve compsetiration of 601 chromatin. The quantity
of competitor DNAs was low enough not to affect ieM image and allowed tuning the

histone DNA ratio in a fine manner to avoid aggtega

Biochemical characterization of the reconstituted gays

The reconstituted nucleosomal arrays were firstadtarized by microccocal nuclease
digestion (Figure 1). The digestion pattern of tthee types of 32 repeat nucleosomal arrays
was very regular (more than 20 bands were visibltha@ lowest time of digestion). This
strongly indicates saturation of the arrays under experimental conditions and a precise
positioning of the individual nucleosomes in eaéll epeat. It is to note that the H2A.Bbd
and Bbd.ddH2A chromatin arrays are more accestibllee microccocal nuclease (Figure 1)
suggesting that these arrays are less compactthigaoonventional ones. In addition, the
digestion profile of the H2A.Bbd and Bbd.ddH2A cmatin fiber digestion patterns exhibit

satellite bands around the main band, in agreemiimthe digestion pattern of similar mono-



nucleosomes (see supplemental figure S2). Thigrisistent with our previous observation of

larger opening fluctuations of these mono-nucleaoompared to the conventional ones.

AFM visualization of conventional and variant nuclesomal arrays

Atomic force microscopy has been frequently applied study conventional
nucleosome array ((20) and references within) amdgoal is to extend this type of approach
to variant chromatin fibers where direct measurdsanre rather scarce (21). The chromatin
fibers are imaged in tapping mode AFM in air. Theoenatin samples were deposited on
APTES functionalized mica surfaces; this type df-assembled monolayer has been shown
to trap bio-molecules on the surface into a comfigan in 2D that is the projection of the 3D
equilibrium configuration of the molecule in sohuti (22). This adsorption protocol has two
main advantages: it preserves the structure ofilbee as it was in solution (a low salt buffer
in our case, 10 mM Tris, 5 mM NaCl and no MgChnd it does not require the use of a
biochemical glue such as glutaraldehyde, that reag to artifacts in the visualization process
through the cross-linking of two amine groups (rhaon the lysines of histone tails) (23).

Typical AFM images obtained for 32 repeat chromébers are presented in figure 2.
The good saturation of nucleosomal arrays can lsergbd for the 3 types of chromatin:
conventional H2A (Fig.2a to Fig.2d), variant H2AdIl{Fig.2e to Fig.2h) and chimeric
Bbd.ddH2A protein (Fig.2i to Fig.2l), in agreemenith Mnase digestion. It should be
stressed that the whole set of AFM images showg 2IDlchromatin arrays (see the height of
the image). Several chromatin fibers too close ¢osbparated were sometimes observed

(Fig.2a for example), but they were rejected afterautomated image analysis.

In the case of the conventional nucleosomes (FitnZad), some clear compaction is
observed on the AFM images. The compaction of ither s such that the DNA trajectory in
between nucleosomes (linker DNA ~ 50 bp) is notagiswisible. In most of the AFM images
obtained for the 32 conventional nucleosome fiberee can observe a typical 2D zig-zag
structure in distinct parts of the fibers. This amgation and compaction level of the
conventional nucleosome fibers was also observeelaatron cryo-microscopy (EC-M)
imaging (supplemental figure S3). The strong positig signal of the 601 DNA sequence is
likely to favor such a regularity in the nucleosoarganization (24). Therefore, by using two
independent microscopy approaches we have obtassahtially the same results, suggesting
that our AFM imaging experiments are artifact-free.



Conversely, the arrays of H2A.Bbd variant nucleossnexhibit a more relaxed
'‘beads-on-a-string' type structure. Finally, themaric histone variant Bbd.ddH2A also
affects the nucleosomal array compaction, and léads open relaxed structure, similar to

the H2A.Bbd variant fiber, thus confirming the irgeetation of Mnase digestion pattern.

Conventional and histone variant nucleosomal array®xhibit different local and global
properties

Quantitative information can be extracted from thEM image analysis using a
homemade Matlab script (s&&aterials and Methods). Unlike the mono-nucleosome image
analysis procedure used in our previous study @3jmple height criterion is not sufficient
to faithfully detect each nucleosome position withihe compact conventional fiber.
Therefore, we have implemented an algorithm thextifies local curvature maxima, thereby
enabling to detect the position of the NCP centwiith a sub-nanometer precision. For each
fiber 'object’ identified, the script measures salvparameters of interests (ddaterials and
Methods section). For the calculation of these variousapuaaters, only the fibers with a
number of nucleosomes in agreement with the expecadie for each DNA construction
were selected (4 Nnc < 5 for 5 repeats of 601 positioning sequences, Ny, < 10 for 9
repeats, 1Z Nn,< 17 for 15 repeats and 25\, < 35 for 32 repeats) and this at the expense
of our statistical sampling. These criteria alloiménation of over- and sub-saturated fibers

as well as the ‘connected’ fibers from the datdyamis

We discuss here only the most relevant paramefgrthe radius of gyratiorR the
hydrodynamic radiusNn.s the number of nucleosomes in the selected fith@rneghoour, the
distance to its nearest neighbour for each nucteesand diye ne, the average inter-
nucleosomal distance within the fiber. The meanealf each quantity has been estimated for
each type of reconstituted fiber (conventional ariant, 5, 9, 15 or 32 repeats) and the
complete data are summarized in Table 1. The medolt two relevant representative
parameters are represented in figure 3: the neaeagtbour distance (Fig.3a) which is a local
parameter characterizing the fiber organizatiowl, #we radius of gyration (Fig.3b) which is a

global one.

The fiber configuration can be characterized atnttmmomer scale by calculating for
each nucleosome the distance to its nearest naighde nearest neighbour distance
distribution obtained for each type of 32 repeatleasomal fibers is plotted in figure 3a. The



conventional nucleosome nearest neighbour distsnoentered on &g neighbour>= 20.1+ 0.3
nm and the value found for each DNA template (51®,0or 32 repeats) is very close (see
Table 1) showing that the local organization of do@ventional fiber is similar for several
saturated DNA template lengths. For variant nudet fibers (H2A.Bbd and Bbd.ddH2A),
the nearest neighbour distance distribution is e@lgkbroaden and asymmetric. This reflects
a larger tendency of nearest neighbour nucleosameke case of variants to be less

localized, and therefore a smaller degree of looatpaction of the fiber.

The data measured at the local scale on our retdedt chromatin can also be
compared to previous AFM measurements on nativenchtin. In particular, the nearest
neighbour distance and the average inter-nucledsaliséance found for conventional
chromatin are consistent with data from Kepatral. (25). In this study, a mean value of
17.6x+ 0.1 nm for the nearest neighbour distance and20.6 nm for the inter-nucleosomal
distance are found for native chromatin fibersaoted from Hela cells, depleted from linker
histone H1.Despite the difference in the origin of chromatiadsed and the deposition
conditions for AFM imaging, the similarities of #e results show that the features of

extracted data are intrinsically relevant of chrmatructure.

At a global scale, this difference in compaction also observed through the
comparison of typical radii (radius of gyration,dngdynamic radius) between conventional
and variant fibers (Fig 3b and Table 1). The meatus of gyration of conventional fibers
with 32 nucleosomes (on averageRisiza = 71.8 nm, while the same mean radius for the
variant fiber isRy Hoasd =88.1 nm. The compaction of conventional fibershwiespect to
H2A.Bbd variant fibers has already been measurédisaglobal level by Zhoet al. (17) for
chromatin with 12 nucleosomes. Our results for lsinfibers (with 9 nucleosomes per fibers,
see Table 1) are qualitatively consistent withrh€l7), the relative deviation being easily
explained by different buffer conditions and thdfedence between 2D and 3D fibers.
Nevertheless, the use of image analysis to comgloteal parameters like radii of gyration
allows us to go beyond the average value of raali ®@ obtain its full distribution on the
given set of analyzed fibers. Again, the largerttvidf this distribution in the case of variant
fibers (cf Fig.3b) is consistent with a smaller g of fiber compaction. However, further
investigation of radius of gyration scaling witrethumber of nucleosomes is hampered due

to the limited range of scales experimentally asités.



In summary, we have shown that both at the local giobal scales the variant

chromatin fiber is statistically more open and lesganized than the conventional one.

2D structure factors allows quantifying the compadbn of conventional fibers with
respect to the variant fibers

In order to gap our observations between the lagdlthe global scale of the fiber, we
computed two-dimensional structure factors ountér-nucleosome distances measurements,
following the procedure described in thkaterials and Methods section. The use of structure
factors has two main advantages: first the quaatibn of the fiber structure at different

length scales (26), and second the comparison batexperimental and simulation results.

Using the distances between each nucleosome forfigses extracted from the image
analysis, we compute a 2D structure fac®g)). This quantity bears useful information on
the structure of the observed objects at diffeseates, ranging from the nucleosome scale to
the global fiber scale. The 3D structure factoes @sually obtained by various Small Angle
Scattering techniques (neutrons, X-rays, or ligifjthin our experimental setuppmputing
artificially a structure factor from real images may not make sense at first glangebut it
turns out to be an extremely powerful tool to gitatively compare experimental results and

numerical simulations at various length scalest iasdiscussed below.

The experimental 2D structure factors are convelyigepresented as Kratky plots
(0°S(q) vs ) (27). Within such a representation, a simple siewible polymer (for example
DNA) will exhibit 3 regimes : at lovg (i.e. for distances larger than the radius of tigmeR,
of the coil), g°S(q) increases as a function af (Guinier regime, whereS(q) decays
exponentially), then foRy < g < monomer size, there is a plateau correspondiagdaussian
chain regime (wher&(q) scales as®), and finally for largeq (i.e. sizes smaller than the
monomer size}’S(q) increases linearly witly (rigid rod regimeS(g) a g*). An additional
peak may eventually appear in the Kratky plot repn¢ation, that is associated to a structure
that is more compact (or organized) at an interatedscale between monomer and coil size,
than a Gaussian chain. This peak is a typical sigaaf intramolecular partial compaction,
as it has been shown recently to monitor foldinfglding transition in RNA and proteins
(27, 28).

Experimentally, conventional fibers with 9 and 3Rckeosomes exhibit these 3

regimes with a significant peak associated to sdegree of compaction in the structure,



while variant fibers with the same nucleosome numito not (Fig. 4a). As we already
mentioned, this maximum in our experimental datthes signature of the tendency to form
locally some ordered (zig-zag) configuration of wemtional nucleosomes, as can be
observed directly on many images of fibers (Figt®2d) or exhibited by simulation results
on highly ordered fibers (supplemental data, fighE). On the contrary, the absence of any
significant peak in the Kratky plot of variant fiiseindicates an organization of the whole
chain that is closer to a random walk or Gausskenc Interestingly, the structure factor of
chimeric Bbd.ddH2A fiber is closer to the one ofdBB2A fiber, in agreement with image

snapshots shown on figure 2.

In order to gain more insights into the interptieta of these structure factors, we
developed simple simulations of 2D chromatin fibes it is described in thdaterials and
Methods and in theSupplemental Material. Using the experimental distribution of DNA
complexed length for both conventional and variaonho-nucleosomes as an input, we were
able to generate different set of representativéocrmations, from which we calculated 2D
structure factors. For each type of simulated clatomfibers, we averaged over 500 chains in
order to ensure for statistical reliability of tKeatky plots. Focusing first on the conventional
and variant fiber data (Fig. 4b and 4d), a remdealgreement can be observed between the
experiments and the simulations once an appropaattuded volume is chosen for all
nucleosomes. In particular, the laywegime,i.e. at the fiber scale, is well described within
our model. This means that using a single modelcfoomatin fibers, together with two
different distributions of nucleosome complexatiteamgth representing different histone
compositions, it is possible to capture quantityithe relevant features of the observed fiber
conformations. The only adjustable parameter fese¢hsimulations is the choice of excluded
volume distanced,) between nearest nucleosomes, whose optimal \&lioeind to bed., ~
17 nm. This value is consistent with both the ekpental average nearest neighbour

distance, and the typical excluded volume dueeqtiesence of histone tails (29).

Remarkably, the experimental radius of gyrationales the peak (or inflection point)
position in the Kratky plots as evidenced in figdre A closer inspection of the structure
factors for conventional fibers with different nuembof nucleosomes (5, 9, 15 and 32) at
moderate-q regime (¥0< q < 10%) reveals however some quantitative discrepandiis (
4c). These discrepancies between the experimenthentheory become more evident with
increasing number of nucleosomes (15 or 32 nuctaesd in the array. Indeed, further

analysis of simulations with pure excluded volumiziactions (Fig. 4b) shows that although



the relative “rigidity” of conventional nucleosomsesems to be enough to produce some
compaction or structuring of the array for 5 ori&leosomes, it is not able to compact larger
number of nucleosome (15 or 32 nucleosomes). Thansithat some physical ingredient like

nucleosome attractions favoring compaction ovearger range of scales is missing in order

to reproduce the experimental structure factors.

In order to qualitatively test this assumption, exended our simulations to include
effective attractions between nucleosomes. Thissiraply achieved as a first approximation
by increasing the acceptance rate in the processhain construction for nucleosome
distances close to solid contact relatively todardjstances. This generates chains that exhibit
a stronger degree of compaction. If a large nundfechains is generated this way (500
chains), the structure factor shows now a sigmficaeak in the Kratky representation
compared to the same simulation with pure excludeldme interactions, in qualitative
agreement with the experimental results. As theeempental Kratky plots were obtained
from a rather limited set of chromatin chains, vioserve interestingly in the simulation, that
lowering the statistics of chain generation to ealwsimilar to the experimental results
(roughly 50 chains) produces structure factors r&aidy close to the experimental one (see

figure 4c).

The quantitative agreement between our simula@masour AFM data shows that the
only input of the mono-nucleosome DNA complexatiength distribution, or equivalently
the mean opening angle and the nucleosome fleyibi sufficient to describe the multi-
scale behaviour of conventional and variant chrometays. To discriminate the role of each
ingredient (angle or flexibility), the results dfet chimeric variant Bbd.ddH2A chromatin can
be used. Indeed, as it was mentioned in the inttomhy the complexation length distribution
of DNA on chimeric Bbd.ddH2A mono-nucleosomes hasghly the same average value
(opening angle) as the conventional one, and three darge width (flexibility) as the variant
one. Since structure factors of the chimeric fivéh either 9 or 32 nucleosomes are closer to
the one of the variant, one can argue that theuaiimns of DNA wrapped length has a larger
influence in determining higher-order chromatirusture than the average wrapped length.
This is further confirmed by our simulations aswhdn supplemental Fig. S7, and leads to
the important following conclusion: the nucleosorfiexibility seems to be the main
ingredient to the route of chromatin fiber compaictiThe picture arising from this study is

that chromatin whose nucleosomes are more flextiitsla conventional one is unable to form
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spontaneously a higher order structure. Indeed, laoge fluctuations might impede the
nucleosomes to feel the attractive interactions w# neighbours or to display the favorable
configuration for fiber formation (30).

Let us now discuss our findings in regards toréseilts of Zhotwet al. (17). They have
seen that recovering the acidic patch of H2A on H&A.Bbd histone is necessary for
compacting the H2A.Bbd fiber, but not enough tookexr the full level of compaction of the
conventional chromatin without Mg€IThe authors hypothesize that interactions betwieen
acidic patch on the surface of H2A and the H4dathe same nucleosome are responsible at
the microscopic level for the ability of chromatim fold into a compact fiber. Within the
framework of our mechanical view, the origin of tde#ference in chromatin compaction
arises from the flexibility of the nucleosome at ihdividual scale. The loss of interaction of
H4 histone tails with the acidic patch on the nasteme surface is a good candidate to
explain the increased flexibility of the variant ABbd nucleosome observed at the mono-

nucleosome level.

Therefore, our mechanical model of chromatin orgaion allows linking the
microscopic origin of the H2A.Bbd variant increagkxibility to the formation of the higher
order chromatin structure. In this context, poatitiational modifications of histone tails
could also induce a change in nucleosome flexbitltat might explain the observed

regulation of chromatin compaction (31).

Conclusions

In this work, we investigated quantitatively théaten between mono-nucleosomes
intrinsic properties for different histone contewtish the higher-order structure of chromatin
fibers. This was achieved by the unique combinatainbiochemical methods, AFM
visualization and numerical simulations. The congmr of fiber's structures for
conventional, H2A.Bbd variant and Bbd.ddH2A chimemnucleosome content probed by all
three methods lead to the following conclusiongrehis a direct connection between DNA
complexation length distribution on mono-nucleossnamd the structure of nucleosomal
array. More precisely, the width of this distrilmutj or equivalently the spontaneous tendency
of nucleosome to unwrap more or less easily, touisto be a major determinant of higher-
order structure as observed through AFM. Moreowbe use of simulations allowed
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highlighting the role of attractive interactions @mg nucleosomes in providing the observed

degree of compaction for conventional fibers.

These results have some important biological imapilims. They strengthen the idea
that the ability of H2A.Bbd histone variant to miydihe structural and dynamic properties of
the mono-nucleosome provides a regulation pathwayOONA accessibility within the
chromatin fiber.

In a more general context, our results suggestahgtprocess likely to modify mono-
nucleosome dynamics (like a transcription factardbig, chromatin remodeling or post-
traductional histone modifications) can potentiahguce a modification of a higher order
chromatin structure. They highlight the deep rdidluctuations at the nucleosome scale for
the whole chromatin organization. Therefore, a regp would be to study how localized
flexibility defect generated by presence of a snghriant nucleosome, would propagate to

neighbouring nucleosome creating a locally operedratin structure.

Materials and Methods

Preparation of DNA fragments

The DNA fragments containing 5, 9, 15 or 32 repet801 sequence (197 bp) were
constructed essentially as described in (32). Témwg IDNA fragments for chromatin
reconstitution were gel or PEG purified as desdiing(32).

Protein purification, nucleosome and chromatin recastitution

Recombinant Xenopus laevis full-length histone @rat were produced in bacteria
and purified as described (33). For the H2A.Bbdtggroand the H2A.Bbd-ddH2A mutant
(H2A domain from M1 to 180 fused to H2A.Bbd domdhom T84 to D115), the coding
sequences were amplified by PCR and introducelddrpET3a vector. Recombinant proteins

were purified as previously described (15).

Chromatin reconstitution was performed by the datysis procedure (34). A low
guantity (<~ 10%) of competitor 5S DNA fragmentsswadded to avoid over-saturation of
the nucleosomal array.

Biochemical analysis
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Microccocal nuclease digestion was performed at/@llat room temperature for
indicated times in 10 mM Tris, pH 7.4, 1 mM DTT, 28 NaCl, 5% glycerol, 10Qg/ml
BSA, 1.5 mM CaCl and 10Qug/ml of plasmid carrier DNA. The digestion was sie@ by
adding 20 mM EDTA, 0.1% SDS, 2@@/ml Proteinase K (30 min at 45°C). DNA was then
extracted and run on a 10% native acrylamide bytamide (1/29 w/w) gel or 1.4% agarose
gel.

Atomic Force Microscopy and surface preparation

For the AFM imaging the conventional and variantclaasomal arrays were
immobilized onto APTES-mica surfaces. The functladion of freshly cleaved mica disks
(muscovite mica, grade V-1, SPI) was obtained Wfyassembly of a monolayer of APTES
under Argon atmosphere for 2 hours (35). Al Broplet of the chromatin solution in low salt
buffer (10mM Tris pH = 7.4, 1 mM EDTA and 5 mM Na®as deposited onto the APTES-
mica surface for 1 min, rinsed with 1 mL of milliQkrapuré® water and gently dried by
nitrogen flow. The samples were visualized by usagNanoscope Il AFM (Digital
Instruments, Veeco, Santa Barbara, CA). The images were addam Tapping Mode in air,
using Diamond Like Carbon Spikes tips (resonarquescy ~150 kHz) at scanning rates of

2 Hz over scan areas ofuin wide.

Image analysis

The parameters of interest were extracted fromARBl images using a homemade
MATLAB o (The Mathworks, Natick, MA) script essentially bdson morphological tools
such as binary dilatation and erosion (36), andht&reas selections. The aim of the first two

steps of this algorithm was to select relevantabje

1. In order to remove the piezoelectric scannemthédrift, flattening of the image is
performed. The use of a height criteria (h>0.5nnereh is the height of the object)

allows us to avoid the shadow artifact induced igiy lobjects on the image.

2. Building of a binary image using a simple thiding (h > 0.25 nm where h is the
height of the object) followed by selection of thieary objects in the good area range
(X <A <Y nm?2where A is the area of the objectaXd Y depends on the number of

repeats).

These two steps lead to the selection of binargaibjwhose area is between for example for
X = 5000 nm? and Y = 15000 nm? for a five repeats601 positioning sequence and
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corresponds in the AFM image to a group of conrepteels which minimum height is more
than 0.25 nm.

The next steps correspond to the characterizafidghese objects done automatically

for each selected chromatin fiber

3. Measurement of the fiber projected total arsa, (number of pixels above the

noise threshold (0.25nm) for an object in the gagh range)

4. Segmentation of the NCPs by selecting regiomsbéing a local curvature below

-0.01 nm* and a size larger than 20 fim

5. Detection of the NCP centroid by extracting tdeater of mass for each NCP and
determination of the numbak, s of NCPs in this fiber.

6. Measurement of Euclidian distancelg) (between centroids of NCRsandj, for i

andj = 1 toNnyes Using distances.

7. Extraction of the first two principal componemtsthe 2D series defined by NCP
centroids. Determination of the major and minoisafi the ellipse defined by the two
principal directions and the value of the assodia@mi-major axig, and semi-minor

axisb.

8. Estimation ofC,p, the fiber 2D compacity by calculating the ratetween the fiber
projected ared: (estimated in step 3) and the ellipse &g = TT*a*b.

9. Determination of the distance to its nearesm®dr (i« neghoour) for each NCP.

10. Estimation of the characteristic distance betwaucleosomes by computing

_ 5 |_Aotal
dinter_nucs =2 ﬂNOt .
nucs

11. Calculation of the radius of gyratid®,, defined as the mean square distance to the

N

N
center of mass for all NCP centroids that belongrte object,R > :izz > d2.
=L j=1

12. Calculation of the hydrodynamic radius,R,,  defined as

N N
&‘1:;2 > i, whered; is the distance between centroids of NGCPs
N(N _1) i=1 j=1,j#i di,-

andj (calculated in step 6) and N the total numberuml@osome in the fiber.
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The steps 4 and 5 lead to quick and robust measmtsmindeed the combined use of local
curvature, area threshold and center of mass aidddCP centroid lead to a sub-nanometer
resolution in the X/Y positions and exclude comfyabent DNA from being considered as a

candidate NCP.

For each estimated global or local structural p&tam the error on the mean value of

the distribution is estimated as/\/ﬁ, whereo is the standard deviation of the distribution

andN the total number of objects.

Structure factor calculations
From the image analysis previously described, passible to extract distanceg

between each nucleosomes center on each analymadatin type. Using these data, the 2D
structure factors (istropically averaged) are daked as follows:

1N

S(a) :_Z ZJo(q'dij)

N = =
wherelJy is the zeroth order Bessel function of the finisidk The analysis of structure factors
can benefits from many different representationgetiged over the last 50 years within the
field of polymer physics. In particular, the Kratlpjot representationgtS(q) vs q) of a
structure factor is a convenient way to highlighoe@ally compact structure, as it is shown by
its recent use in the characterization of proteiRNA folding/unfolding by Small Angle X-
Ray Scattering (SAXS) (27). Indeed within such presentation, any peak in the curve is
associated to a structure that is more compact tarequivalent random walk or Gaussian
chain. In the case of a Gaussian chain, the stei¢actor scales likg? while such for a

compact state the structure would scale ¢jkavhere 2 <a < 4.

Numerical simulations;

The purpose of numerical simulations performedisa work is to extend the analysis
of experimental data obtained by AFM visualizatminchromatin fibers. We describe more
precisely in this section the rules of the simolasi. Our 2D model of H1-depleted chromatin
fibers has essentially four major ingredients:

(i) a basic mechanical model taking into accou gfgometrical relation between
DNA complexed length within each nucleosome andeinlength between consecutive

nucleosomes
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(ii) the possibility to use as an input the expenntal distribution of mono-nucleosome
opening angles obtained in our previous work (18)ough the equivalent DNA
complexation length distribution

(iii) the excluded volume between nucleosome cartiges (NCP)

(iv) eventually some short range attractive inteoams between NCP

The building blocks of the model are hard diskgespnting NCP and straight linkers.
The first step is essential in providing realis?id positioning distributions of consecutive
nucleosomes. The relevant exact geometrical relstiips are summarized on supplemental
figure S4. Each chain is then constructed as faldie first decided to construct the chain of
N nucleosomes by placing the nucleosomes sequgnttais assumption is supposed to
mimic the process of deposition of fibers on thdame starting from one of their end. Once
thei™ nucleosome is placed, the position of the nextismietermined by choosing first a trial
angle @ from the distribution of DNA complexation lengtli mono-nucleosomes observed
experimentally. Any deviation from the canonicalueaof 8 = & is translated into linker
length variation according the relations in figusd. It should be noted that this relation
assumes that the linker variation are done in adot way. Any piece of chain already
constructed is immobilized for the rest of the ¢ongion process. Once the opening angle
and linker length are known, the putative positiérthe {+1)" nucleosome is known. If the
position does not overlap with any previous NCPhvétfective diameteds, = 17 nm (the
most optimal choice), the position is accepted thidcomputation proceeds towards the next
step, while upon NCP overlap a new angis repeatedly generated until successful position

has been found.

The specificity of the model with respect to higamontent is made by choosing as an
input, different DNA complexation length distribois for different histone content
(conventional and variant). We previously charazést these DNA complexation length
distribution on conventional and variant mono-nasteme by measuring its meahx and
width gi.. In particular, we have shown that (12):

- for the conventional H2A nucleosomeL 24> = 146 +1 bp, andi ¢ 124 ~ 20 bp,

- for the variant H2A.Bbd nucleosome, the distnbutis enlarged and shifted toward

lower L¢ value : 4¢ poagod™ = 127 £2 bp, andic Hoaepd ~ 35 bp
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- for the chimeric Bbd.ddH2A nucleosome, the meafus is shifted back close to the
conventional nucleosome wrapped length distributiomt its width remains large

<L¢ Bbd.darza™> = 143 £2 bp, andi ¢ god.ddHza ~ 35 bp.

Using these rules, a set of chains is then gerterdtee number of nucleosomes per
fiber was chosen to be 5, 9, 15 and 30 for thedfit constructs, so that this number matched
with the average number of nucleosome per fibers. €mulation therefore neglects the
effect of polydispersity in the number of nucleosoper fibers. From the chains generated
this way, it is possible to compute all the chargstic quantities discussed in the paper:
radius of gyration, hydrodynamic radius, nearesghmour distribution, pairwise distance
distribution, and structure factors. Representasmapshots of simulated fibers and the

corresponding Kratky plots of the structure factanes shown in Figure S5.
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Figure captions

Figure 1: Microccocal nuclease digestion kinetics of 32 mieromatin. Identical amount of
conventional H2A, variant H2A.Bbd and chimeric BidH2A chromatin were digested with
8U/ml of microccocal nuclease for the indicatedesmThe reaction was stopped by addition
of 20 mM EDTA and 0.1 mg/ml proteinase K, 0.1% SID®IA was isolated and run on a
1.4% agarose gel. 1 kbp M, marker DNA. The molacoiass of the fragments is indicated

on the left part of the figure.

Figure 2. Typical set of AFM topographic images obtainedTiapping Mode in air for
nucleosome arrays reconstituted on 32 repeats bfp@3itioning DNA sequences (repeat
length 197 bp) with (a to d) the conventional m&tdH2A, (e to h) the histone variant
H2A.Bbd and (i to I) the chimeric variant histonedBddH2A.

Figure 3: Local and global parameters as measured withnaated computer analysis of the
AFM images. (a) Nearest neighbour distance didtiobufor conventional H2A (black line),
variant H2A.BBd (dark gray line) and chimeric BbdiHRA (light gray line) nucleosomal
arrays reconstituted on the 32 repeats of 601 Dkggnient; (b) Radii of gyration for
conventional H2A (black), variant H2A.BBd (dark gyaand chimeric Bbd.ddH2A (light
gray) nucleosomal arrays reconstituted on the 932nepeats of 601. The radius of gyration
distribution is conveniently displayed as a boxtplwhere the horizontal inner line
corresponds to the median value. The lower and ruppends of the box point respectively
the first and last quartiles of the distributionothes represent a robust estimate of the

uncertainty about the medians for box-to-box congpar.

Figure 4 : Structure factors analysis of conventional aratiant chromatin fibers. (a)
Experimental Kratky plots for nucleosomal arraysorestituted on 32 and 9 repeats
respectively for conventional H2A (cyan and darkd)] variant H2A.Bbd (light green and
dark green) and chimeric Bbd.ddH2A (orange and. i@)Experimental Kratky plots (solid
lines) for conventional H2A nucleosomal arrays restiiuted on 5 (cyan), 9 (light blue), 15
(blue) and 32 (dark blue) repeat 601 DNA fragme@taresponding Kratky plots of structure
factors averaged over 500 simulated nucleosomaysiidotted lines) with the parameters of

the conventional H2A mono-nucleosome (average &wl6.51tand flexibility gy = 0.41)
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for either 5 (cyan), 9 (light blue), 15 (blue) o0 3dark blue) repeats. Thg value

corresponding to the med value estimated using image analysis is reporsed aertical

dashed line for each array length (c) Kratky plofs structure factors for 30 repeat

nucleosomal arrays simulated with the parametersthef conventional H2A mono-

nucleosome § = 0.5 and gy = 0.4 and only excluded volume (dark blue dotted line,

averaged over 100 chains) or excluded volume aindctibn (purple dashed line, averaged

over 50 chains) in the model are compared withettperimental kratky plot for conventional

H2A nucleosomal array of 32 repeats (dark bluedslaie). (d) Experimental Kratky plots

(solid lines) for variant H2A.Bbd nucleosomal asagconstituted on 9 (light green) and 32

(dark green) repeat 601 DNA fragments, and cormedipg Kratky plots for structure factors

averaged over 500 simulated nucleosomal arrayseftidines) with the parameters of the

variant H2A.Bbd mono-nucleosom@#£ 0.71tand oy = 0.71) for either 9 (light green) or 30

repeats (dark green).

Table 1 caption :

Various parameters extracted from the automatedges analysis

describing the local and global conformation of toaventional H2A, variant H2A.Bbd et

chimeric Bbd.ddH2A chromatin fibers of various siz&rror is calculated as the standard

error on the mean?% whereo is the standard deviation on the mean Nrtie number of

events in the distribution.

Table 1:
nearest inter-

number of total mean Radius of Hydrodynamic neighbour nucleosomal

repeats Nsibre / Nnuel Npue / fibre gyration (nm) radius (nm) distance (nm) |distance (hm)
5 1335/6185 | 4,63+0,01 22,1+0,1 28,8 +0,1 21,2+0,1 26,8 +0,1
Conventional 9 261/2338 | 8,96 +0,06 32,6 +£0,4 35,5+0,3 19,8 £0,1 26,4+0,1
H2A 15 551/8177 |14,79+0,06] 53,7+0,5 50,2 £0,3 215+0,1 28,7+0,1
32 54 /1629 30,2+0,4 71,8 +2,2 625+1,1 20,1 £0,3 28,5+0,3
Variant 9 132/1116 |8,45+0,08 46,0+1,1 476 + 0,8 26,2+0,3 30,4 +0,3
H2A.Bbd 32 19 /593 31,2+0,7 88,1 +4,9 73,2+2,9 21,7+0,3 30,0 £0,7
Chimeric 9 112 /995 8,9+0,1 50,2+1,1 50,9+0, 9 26,8 +0,3 32,8+0,4
Bbd.ddH2A 32 28 /795 28,4+ 0,5 95,3+4,4 79,7 £2,6 24,2+ 0,3 29,9+0,5
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