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Abstract –We study “chromatin gels”, model systems for chromatin, to theoretically predict the
conditions, under which such gels show negative Poisson’s ratios. A chromatin gel shows phase
separation due to an instability arising from the disassembly of nucleosomes by RNA polymerases
during transcription. We predict a negative Poisson’s ratio near a miscibility threshold due to the
cooperative assembly and disassembly of nucleosomes. The Poisson’s ratio becomes more nega-
tive with an increasing number of RNAP because the disassembly rate of nucleosomes increases.
In contrast, the chromatin gel shows a positive Poisson’s ratio far from the miscibility thresh-
old because the assembly of nucleosomes is arrested by the expiration of freely diffusing histone
proteins.

Introduction. – The Poisson’s ratio of many materi-1

als is positive due to their tendency to resist against vol-2

ume changes [1]. Recent experiments have shown that the3

Poisson’s ratio of the nucleus of embryonic stem (ES) cells4

is negative in the metastable transition state, where these5

cells can return to a naive pluripotent state or prime for6

differentiation [2]. In contrast, the nucleus of ES cells in7

the naive pluripotent state and of differentiated cells show8

positive Poisson’s ratios.9

DNA is packed in the nucleus into a DNA-protein com-10

plex called chromatin [3]. The repeating unit of chro-11

matin is the nucleosome, where DNA is wound around12

an octamer of histone proteins by 1.65 turns [4]. Experi-13

ments have shown that chromatin in ES cells shows fluctu-14

ations in the local nucleosome concentrations on relatively15

long time and length scales, analogous to critical fluctua-16

tions [5]. Whether these fluctuations were observed in the17

transition state or the naive pluripotent state is not clear18

from the experiments. In contrast, chromatin of differ-19

entiated cells show regions of relatively large nucleosome20

concentration that coexist with regions of smaller nucleo-21

some concentration, analogous to phase separation. The22

negative Poisson’s ratio of ES cells in the transition state23

may reflect the critical dynamics of their chromatin struc-24

tures. If this is the case, the critical chromatin dynamics25

in the transition state may play an important role in de-26

termining the lineage of differentiation. 27

In our previous studies, we have treated chromatin near 28

the nuclear membrane as a polymer brush of DNA and 29

predicted that the DNA brush shows phase separation 30

due to an instability arising from the fact that nucleo- 31

somes are disassembled when they collide with RNA poly- 32

merase (RNAP) during transcription [6, 7]; the local con- 33

centrations of nucleosomes decrease with increasing the 34

transcription rate and the transcription rate, in turn, in- 35

creases with decreasing the local concentrations of nucle- 36

osomes due to the excluded volume interactions between 37

nucleosomes and RNAP. The two-phase coexistent state 38

is reminiscent of chromatin in differentiated cells and the 39

critical state is reminiscent of chromatin in stem cells. A 40

cell nucleus takes in fluid and small molecules from the 41

cytoplasm when it is expanded [2]; the coupling between 42

fluid motion and network deformation is the essence of gel 43

dynamics [8]. DNA gels have been reconstituted in recent 44

experiments [10] and we use such a gel as a model sys- 45

tem of chromatin in the cell nucleus. Indeed, synthetic 46

gels show a large negative Poisson’s ratio near the criti- 47

cal point [9]. We extend our previous theory of chromatin 48

phase separation to a gel of chromatin and calculate the 49

Poisson’s ratio of such a gel. 50

Our theory predicts that when a chromatin gel in a so- 51

lution of histone proteins and RNAP is compressed uniax- 52
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Fig. 1: Chromatin gel model. A network of DNA is swollen
in a solution of RNA polymerase and histone proteins (and
other small molecules that are necessary for transcription and
nucleosome assembly). With applied normal stress Πapp, the
gel is deformed both in the normal and lateral direction with
extension ratios λ⊥ and λ∥, respectively.

ially, it is also compressed in the other directions near the53

critical point on time scales longer than the time scales54

of nucleosome assembly and disassembly. This is because55

nucleosomes are assembled cooperatively by applied stress56

on these longer time scales. This theory also predicts that57

the Poisson’s ratio of the chromatin gel is negative even58

in the two-phase coexistent state. This contrasts the fact59

that the nuclei of differentiated cells show a positive Pois-60

son’s ratio [2]. This discrepancy may be caused by ne-61

glecting that chromosomes in cells are enclosed by nuclear62

membranes. We thus treat also a chromatin gel that is en-63

closed by a semipermeable membrane where the number of64

RNAP and histone proteins in the gel is constant. In such65

cases, the chromatin gel also shows a negative Poisson’s66

ratio near the miscibility threshold because the gel has67

relatively large concentrations of freely diffusing histone68

proteins, which are necessary for the assembly of new nu-69

cleosomes. The Poisson’s ratio takes more negative values70

with increasing number of RNAP because transcription71

drives the disassembly of nucleosomes and increases the72

concentrations of freely diffusing proteins. In contrast, far73

from the miscibility threshold, the gel shows a positive74

Poisson’s ratio because most of the histone proteins are75

already incorporated into nucleosomes.76

Model. – Here we treat a gel of DNA that is swollen77

in a solution of RNA polymerase and histone proteins (and78

other molecular machinery that is necessary for transcrip-79

tion and nucleosome assembly). DNA chains are modeled80

as 1d lattices of binding sites, which can be occupied by81

RNAP or nucleosomes. We derive the extension ratios λ∥82

and λ⊥ of the network when stress Πapp is applied uniax-83

ially, where λ⊥ is the extension ratio in the direction of84

applied stress and λ∥ is the extension ratio in the other85

(lateral) directions (see fig. 1).86

The free energy density of the chromatin gel has the87

form [8] 88

fgel = fela +
ϕ0
ϕ
fsol, (1)

where the first and second terms are the elastic energy 89

and the mixing free energy of the gel. Without changing 90

the physics, we neglect the elastic energy of the nuclear 91

membranes. This free energy is an extension of our pre- 92

vious model [6, 7] of a chromatin brush. ϕ is the volume 93

fraction of the DNA network after the deformation and ϕ0 94

is the volume fraction in the hypothetical reference state 95

(the state before the gel is swollen in the solution). The 96

volume fraction ϕ is related to the extension ratios via 97

ϕ = ϕ0/(λ
2
∥λ⊥). The free energy density fgel is thus a 98

function of the extension ratios λ∥ and λ⊥. 99

In general, the elastic energy fela depends on the length 100

of subchains (the chain portions between two neighboring 101

cross-links) relative to their persistence length and on the 102

connectivity of the network. For simplicity, we use here 103

the neo-Hookean elastic energy [8] 104

fela =
1

2
G0(2λ

2
∥ + λ2⊥ − 3), (2)

which represents the elastic energy of the network of 105

(cross-linked) Gaussian chains. G0 is the shear modulus, 106

which is proportional to the number density of subchains 107

and the thermal energy [8]. For simplicity, we neglect 108

the fact that assembling nucleosomes decreases the effec- 109

tive length of DNA chain segments (see also sec. S1 in the 110

Supplementary Materials). We assume that the relaxation 111

time of cross-links is relatively large such that the chro- 112

matin gel acts as an elastic material on the time scale of 113

interest; for longer time scales one needs to account for the 114

viscoelasticity of chromatin [11]. The mixing free energy 115

has the form 116

fsol =
1

2
wonΦ

2
on + wintΦonΦoff +

1

2
woffΦ

2
off

+
1

3
uΦ3

on, (3)

where Φon (= nhisϕ) is the local concentrations of nu- 117

cleosomes and Φoff (= (1 − nhis)ϕ) is the local concen- 118

trations of vacant DNA chain segments (which are not 119

occupied by nucleosomes). nhis is the nucleosome occu- 120

pancy. The 2nd virial coefficients won, wint, and woff 121

account for the (nucleosome)-(nucleosome) interactions, 122

the (nucleosome)-(vacant segment) interactions, and the 123

(vacant segment)-(vacant segment) interactions, respec- 124

tively. The (vacant segment)-(vacant segment) interac- 125

tions are repulsive interactions (woff > 0), whereas the 126

(nucleosome)-(nucleosome) interactions are attractive in- 127

teractions due to the tail bridging effect (won < 0) [12,13]. 128

We take also into account the 3-body interactions between 129

nucleosomes with the 3rd virial coefficient u, which coun- 130

teracts the complete collapse of the gel, see the fourth 131

term of eq. (3). Because the fourth term is significant 132
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only when nhis ∼ 1, we use the approximation uΦ3
on ≃ uϕ3133

throughout the rest of this paper.134

The occupancy nhis is determined by the dynamics135

of the assembly and disassembly of nucleosomes. Nu-136

cleosomes are relatively stable structures and are rarely137

disassembled or diffuse along DNA by thermal fluctua-138

tions [14]. Experiments have shown that nucleosomes are139

disassembled when they collide with RNAP during tran-140

scription [15,16]. In this paper, we assume that collisions141

between RNAP and nucleosomes during transcription is142

the primary process of nucleosome disassembly [6, 7]. In143

steady state,144

Λhisc(1− nhis) = ζnrnpnhis, (4)

where the left hand side represents the rate of nucleosome145

assembly and the right hand side the rate of nucleosome146

disassembly. Λhis is the rate constant that accounts for147

the assembly of nucleosomes. c is the concentration of the148

freely diffusing histone proteins in solution (between DNA149

chains in the network). The factor 1−nhis reflects the fact150

that new nucleosomes are not assembled on binding sites151

that are already occupied. The rate constant ζ accounts152

for the disassembly of nucleosomes due to collisions with153

transcribing RNAP and nrnp is the RNAP occupancy. The154

factor nrnpnhis reflects the fact that nucleosomes are disas-155

sembled only when they collide with transcribing RNAP.156

For simplicity, we neglect that nucleosomes are composed157

of octamers of histone proteins, that there are four types158

of histones, and that the assembly of nucleosomes is usu-159

ally guided by chaperones, such as NAP1. We also neglect160

the interactions between freely diffusing histone proteins161

and the DNA network because histone proteins are rela-162

tively small (see e.g. refs. [4] and [15]). Eq. (4) has a163

form reminiscent of a detailed balance condition because164

each binding site takes only two states with respect to165

the nucleosome occupancy. However, it treats the non-166

equilibrium process, with which nucleosomes are disassem-167

bled by RNAP during transcription.168

The RNAP occupancy nrnp is determined by the tran-169

scription dynamics. The process of transcription starts170

when RNAP binds to a promoter, a non-coding DNA se-171

quence, and changes its conformation. The enzyme then172

moves uni-directionally towards the terminator, another173

non-coding DNA sequence, where RNAP is released from174

the DNA molecule. The uni-directionality of the motion is175

due to the irreversible steps in RNA polymerization [17]176

and this drives the system to a non-equilibrium steady177

state. In steady state,178

Λpρ = ξnrnp(1− nhis), (5)

where the left hand side represents the binding rate of179

RNAP to the promoter and the right hand side the rate180

with which RNAP moves to the next binding site. The181

rate constant Λp accounts for the binding of RNAP to182

promoters and ρ denotes the concentration of freely dif-183

fusing RNAP in the solution (between DNA chains in the184

network). ξ is the rate constant that accounts for the 185

uni-directional motion of RNAP to the next binding site. 186

The factor 1 − nhis reflects the fact that RNAP cannot 187

move to the next binding site if that site is occupied by a 188

nucleosome. Eq. (5) applies to cases in which the bind- 189

ing rate of RNAP is relatively small and RNAP does not 190

show a traffic jam during transcription. We treat here a 191

case in which the spatial orientations of the genes (which 192

are defined by the unit vectors from the promoters to the 193

terminators) are random so that there is no net flux in 194

the gel [18]. With this approximation, the concentration 195

of RNAP has the form ρ = ρ0e
−vnhisϕ, where the virial 196

coefficient v accounts for the interactions between nucleo- 197

somes and freely diffusing RNAP in the solution and ρ0 is 198

the concentration of RNAP in the solution exterior to the 199

gel. For simplicity, we neglect the interactions between 200

RNAP and vacant DNA chain segments. 201

The force balance equation in the normal direction is 202

derived by using the thermodynamic relationship Πapp = 203

− 1
λ2
∥

∂fgel
∂λ⊥

(with the occupancy nhis and the extension rate 204

λ∥ being kept constant) in the form 205

Πapp = −G0λ⊥
λ2∥

+Πsol(ϕ). (6)

Πsol(ϕ) (≡ ϕ2 ∂
∂ϕ (

fsol(ϕ)
ϕ )) is the osmotic pressure of the gel. 206

The force balance equation in the lateral direction follows 207

from the thermodynamic relation σ∥ = − 1
2λ∥λ⊥

∂fgel
∂λ∥

(with 208

fixed occupancy nhis and fixed extension ratio λ⊥) to be 209

σ∥ = −G0

λ⊥
+Πsol(ϕ). (7)

We assume that no forces are applied to the side of the 210

gel and thus σ∥ = 0 for cases in which the gel is uniform. 211

Solving eqs. (6) and (7) leads to the extension ratios, λ∥ 212

and λ⊥, as a function of applied pressure Πapp. 213

Phase separation. – In the one phase region, the 214

form of the extension ratio λ∥ is derived by using eq. (7) 215

(with σ∥ = 0). Substituting this into eq. (6) leads to the 216

applied stress Πapp as a function of nucleosome occupancy 217

nhis (see fig. 2). The nucleosome occupancy depends on 218

a couple of dimensionless parameters, namely the rescaled 219

rate constant η0 (≡ Λpρ0ζ/(Λhiscξ)) and the rescaled virial 220

coefficients, n± (≡ (−(wint−woff)±
√
w2

int − wonwoff)/w), 221

ṽ (≡ vϕ0/λ
3
off), and ũ (≡ 2uϕ30/(3G0λ

2
off)), where w 222

denotes a linear combination of 2nd virial coefficients, 223

w = won + woff − 2wint, and λoff the extension ratio 224

λoff = woffϕ
2
0/(2G0). The transcription rate increases, rel- 225

ative to the rate of nucleosome assembly, with increasing 226

the rescaled rate constant η0. 227

For cases in which the rescaled rate constant η0 is rel- 228

atively large, the nucleosome occupancy nhis increases 229

monotonically with increasing applied stress as long as the 230

applied stress Πapp is smaller than a threshold value Πsp1, 231

see the magenta curve in fig. 2. There are three solutions 232
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Fig. 2: The nucleosome occupancy nhis is shown as a function
of applied stress Πapp (rescaled by Πoff (= G0/λoff)) for cases
in which the values of rescaled rate constant η0 are 0.05 (light
green), 0.3 (blue), 0.749585 (black), and 1.5 (magenta). We
used n+ = −1.0, n− = 0.98, ṽ = 0.8, and ũ = 0.01 for the
calculations. The solid curves show stable solutions and the
dotted curve shows an unstable solution.

of the nucleosome occupancy for Πsp1 < Πapp < Πsp2,233

where two solutions are stable (shown by solid curves in234

fig. 2) and one solution is unstable (shown by a dotted235

curve in fig. 2), analogous to the van der Waals’ theory236

of the gas-liquid phase transition. This implies that the237

chromatin gel shows phase separation in this stress regime.238

The two threshold stresses, Πsp1 and Πsp2, thus define the239

spinodal curve. When the applied stress Πapp is larger240

than the second threshold value Πsp2, the nucleosome oc-241

cupancy again increases monotonically with increasing ap-242

plied stress. The difference Πsp2 − Πsp1 between the two243

threshold stresses decreases with decreasing the rescaled244

rate constant η0 and eventually becomes zero at the crit-245

ical rescaled rate constant η0c (see the black curve in fig.246

2). For η0 < η0c, the nucleosome occupancy increases247

monotonically with increasing applied stress (see the blue248

and light green curves in fig. 2). Our theory predicts that249

the chromatin structure changes from the critical state to250

the two-phase coexistent state by increasing the rescaled251

rate constant η0 and applied pressure Πapp, reminiscent of252

the differentiation of stem cells.253

We use the Maxwell construction to derive the condi-254

tion, under which the swollen phase (that has a smaller255

nucleosome occupancy) coexists with the collapsed phase256

(that has a larger nucleosome occupancy). This condition257

ensures that the work that is necessary to change a small258

portion of the swollen phase to the collapsed phase is zero;259 ∫ λc
⊥

λs
⊥

dλ⊥

[
−G0λ⊥

λ2∥
+Πsol(ϕ)−Πapp

]
= 0, (8)

where the superscripts s and c indicate the values of the pa-260

rameters in the swollen and collapsed phases, respectively.261

We have used this treatment before to predict the phase262
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Fig. 3: The lateral extension ratio λ∥ (rescaled by λoff) is
shown as a function of applied stress Πapp (rescaled by Πoff (=
G0/λoff)) for cases in which the values of rescaled rate constant
η0 are 0.05 (light green), 0.3 (blue), 0.749585 (black), and 1.5
(magenta). We used n+ = −1.0, n− = 0.98, ṽ = 0.8, and
ũ = 0.01 for the calculations. The solid curves show stable
solutions and the dotted curve an unstable solution.

separation of chromatin brushes [6, 7]. The lateral exten- 263

sion ratio λ∥ is continuous at the interface between the 264

two phases because these two phases are elastically cou- 265

pled [19,20]. For simplicity, we assume that the lateral ex- 266

tension ratio λ∥ does not depend on the position and is de- 267

termined by the condition σs
∥λ∥λ

s
⊥ψ+σc

∥λ∥λ
c
⊥(1−ψ) = 0, 268

where ψ is the fraction of DNA chains in the swollen phase. 269

This treatment is exact for cases in which the thickness of 270

one or both of the phases is very small [20]. We perform 271

the integration of eq. (8) by fixing the lateral extension 272

ratio λ∥ to a constant value (see also sec. S2 in the SM). 273

For all cases, the normal extension ratio λ⊥ decreases 274

with increasing applied stress Πapp (see fig. S1 in the 275

SM). Thus the Poisson’s ratio of the gel is negative (posi- 276

tive) when the lateral extension ratio decreases (increases) 277

with increasing applied stress. For time scales longer than 278

the time scales of nucleosome assembly and disassembly, 279

the lateral extension ratio decreases with increasing ap- 280

plied stress in a small range of intermediate values even 281

for η0 < η0c, see the blue curve in fig. 3. The slope of the 282

lateral extension becomes more negative with increasing 283

the rescaled rate constant η0 and diverges at the critical 284

value η0c, see the black curve in fig. 3. This is because 285

nucleosomes are assembled cooperatively with a small in- 286

crease of applied stress in this stress regime, see also fig. 287

2. For η0 > η0c, the lateral extension ratio jumps at the 288

threshold pressure, at which swollen and collapsed phases 289

coexist. The threshold pressure is slightly larger for the 290

case of increasing applied stress than for the case of de- 291

creasing applied stress [19,20]. The jump of the lateral ex- 292

tension ratio implies that the chromatin gel shows a very 293

large negative Poisson’s ratio in the two-phase coexistent 294

state. This is in contrast to the fact that the nuclei of 295

differentiated cells, which have two coexisting chromatin 296
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Fig. 4: The Poisson ratio of the deformation generated by the
small stress, which is superimposed to the applied stress for a
short period of time, is shown as a function of applied stress
Πapp (rescaled by Πoff (= G0/λoff)). We calculated for cases
in which the values of rescaled rate constant η0 are 0.05 (light
green), 0.3 (blue), 0.749585 (black), and 1.5 (magenta). We
used n+ = −1.0, n− = 0.98, ṽ = 0.8, and ũ = 0.01 for the
calculations. The solid curves show stable solutions and the
dotted curve an unstable solution.

regions, show a positive Poisson’s ratio. Our results imply297

that the negative Poisson’s ratio is rather a generic prop-298

erty of chromatin gels because nucleosomes are assembled299

or disassembled cooperatively near the critical point and300

in the two-phase coexistent state.301

When a small stress is superimposed to the applied302

stress Πapp for a time period shorter than the time scales303

of nucleosome assembly and disassembly, the Poisson’s ra-304

tio of the superimposed deformation has the form305

νs =
1

2

ϕΠ′
sol(ϕ)−Πsol(ϕ)

ϕΠ′
sol(ϕ)

, (9)

in the one phase region (for the derivation see sec. S3306

in the SM). The Poisson’s ratio of the short term defor-307

mation is positive even at the critical point, see fig. 4.308

This result further supports our claim that the negative309

Poisson’s ratio on long time scales is due to the coopera-310

tive assembly and disassembly of nucleosomes. Our theory311

predicts that the Poisson’s ratio of the chromatin gel has a312

positive value immediately after stress is applied and then313

gradually decreases to a negative value. The two regimes314

cross over at the time scales of nucleosome assembly and315

disassembly.316

Finite histone number. – Chromosomes in the cell317

nucleus are enclosed by a nuclear membrane and the num-318

ber of RNAP and histone proteins may be approximately319

constant over time scales much shorter than the cell cy-320

cle. To mimic such a situation, we treat here a chromatin321

gel that is enclosed by a semipermeable membrane, which322

is permeable to solvent and small molecules, but not to323

RNAP and histone proteins. The fact that the number of324

RNAP and histone proteins is constant is taken into ac- 325

count by treating the concentrations ρ0 and c as Lagrange 326

multipliers. The values of these Lagrange multipliers are 327

determined by the conditions 328

Nrnp

vbNb
=

ρs

ϕs
ψ +

ρc

ϕc
(1− ψ) (10)

Nhis

Nb
= cvb

(
ψ

ϕs
+

1− ψ

ϕc

)
+ψns

his + (1− ψ)nchis, (11)

whereNrnp is the number of RNAP andNhis is the number 329

of histone proteins in the gel. vb is the volume of DNA per 330

binding site and Nb is the number of binding sites in the 331

network. Eq. (10) applies to cases in which the number of 332

transcribing RNAP is relatively small. With eqs. (10) and 333

(11) the rescaled rate constant η0 is no longer a constant 334

and is determined by the condition 335

η̃0 = η0
ψρs/ϕs + (1− ψ)ρc/ϕc

ψ/ϕs + (1− ψ)/ϕc

×
(
1− ψns

his + (1− ψ)nchis
n0

)
, (12)

where we used parameters η̃0 = ΛpζNrnp/(ΛhisξNhis) and 336

n0 = Nhis/Nb (see sec. S4 in the SM for the derivation). 337

In this case, the chromatin gel shows a phase separation 338

for applied stresses that are larger than a threshold value, 339

see fig. 5. This is in contrast to the van der Waals’ theory 340

of gas-liquid phase transitions, where the gas phase co- 341

exists with the liquid phase only along the phase bound- 342

ary line. The reason is that the rescaled rate constant 343

η0 (which corresponds to the temperature in the van der 344

Waals’ theory) is no longer a control parameter, but is de- 345

termined by eq. (12). The two-phase coexistence state is 346

a solution of the force balance equations, but one cannot 347

check whether it is the most stable state by using the free 348

energy because the gel is not in an equilibrium state. We 349

nevertheless show in the following the properties of the 350

latter state. 351

For all cases, the normal extension ratio λ⊥ decreases 352

with increasing applied stress Πapp (see fig. S2 in the 353

SM). The Poisson’s ratio is thus negative (positive) when 354

the lateral extension ratio λ∥ decreases (increases) with 355

increasing applied stress Πapp. The lateral extension ra- 356

tio λ∥ decreases with increasing applied stress Πapp near 357

the miscibility threshold, see fig. 6. This is because the 358

chromatin gel has a relatively large concentration of freely 359

diffusing histone proteins, which are needed for the assem- 360

bly of new nucleosomes. The slope of the lateral extension 361

ratio λ∥ becomes more negative with increasing the num- 362

ber of RNAP in the gel because transcription drives the 363

disassembly of nucleosomes and increases the concentra- 364

tion of freely diffusing histone proteins. The slope of the 365

lateral extension ratio λ∥ is not very large near the critical 366

point; the criticality does not play a significant role in the 367

negative Poisson ratio of the gel (see the blue curve in fig. 368
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Fig. 5: The phase diagram of a chromatin gel is shown as a
function of the rescaled rate constant η̃0 and applied stress Πapp

(rescaled by Πoff (= G0/λoff)) for cases in which the rescaled
number of histone proteins is very large Nhis/Nb ≫ 1. The left
of the curve is a one phase region and the right of the curve is
a two-phase coexistence region. The phase boundary ends at
the critical point (η̃0c = 0.00757894 and Πc = 7.48738). We
used n+ = −0.1, n− = 0.98, ṽ = 0.8, and ũ = 0.01 for the
calculations.

6). For larger applied stresses, the lateral extension ratio369

λ∥ increases with increasing applied stress Πapp, reflecting370

the fact that most histone proteins in the gel are already371

incorporated into nucleosomes.372

Discussion. – We use an extension of our previous373

model of chromatin brushes to theoretically predict that374

chromatin gels show negative Poisson’s ratios for cases in375

which the gel is in the equilibrium with RNAP and his-376

tone proteins in solution, on time scales longer than the377

time scales of nucleosome assembly and disassembly. This378

reflects the fact that nucleosomes are assembled or dis-379

assembled cooperatively near the critical point and dur-380

ing phase separation. For cases in which the number of381

RNAP and histone proteins is constant, the Poisson’s ratio382

becomes positive far from the miscibility threshold even383

during phase separation. This is because most histone384

proteins are incorporated already into nucleosomes which385

suppresses the assembly of new nucleosomes. The Pois-386

son’s ratio becomes negative by increasing the number of387

RNAP in the gel because transcription drives the disas-388

sembly of nucleosomes and thus increases the concentra-389

tions of freely diffusing histone proteins. This prediction390

is relatively generic and probably does not depend on the391

specific model of chromatin and the disassembly process392

of nucleosomes. Our predictions may be experimentally393

accessible by using simple reconstituted systems, such as394

those used in ref. [10], and/or a mixture of DNA, cross-395

linkers, histone proteins, and RNAP enclosed in a vesicle396

of nuclear membrane extract.397

We used a model system to find a physical principle398

that could relate two independent experiments, one show-399

ing that chromatin in stem cells is auxetic in the transition400
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Fig. 6: The lateral extension ratio λ∥ (rescaled by λoff) is
shown as a function of applied stress Πapp (rescaled by Πoff (=
G0/λoff)) in the two-phase coexistent state for several values
of η̃0; η̃0 = 0.00757865 (blue), 0.05 (light green), 0.1 (orange),
and 0.2 (magenta). We here show cases in which the rescaled
number of histone proteins is very large, Nhis/Nb ≫ 1. We
used n+ = −0.1, n− = 0.98, ṽ = 0.8, and ũ = 0.01 for the
calculations. Cases in which the rescaled number Nhis/Nb of
histone proteins is small are shown in fig. S3 in the SM.

state [2] and the other observing critical fluctuations of the 401

local nucleosome concentration [5]. Our theory predicts 402

that a negative Poisson’s ratio is rather a generic prop- 403

erty of chromatin gels on long time scales. The criticality 404

increases the negative Poisson ratio for cases in which a 405

chromatin gel is in equilibrium with a solution of histone 406

proteins, but it is not even significant for cases in which 407

the number of histone proteins in the gel is constant or 408

for time scales shorter than the time scales of the nucle- 409

osome assembly and disassembly. This is in contrast to 410

gels of synthetic polymers, which are auxetic near the crit- 411

ical point [9] (however, note a theoretical prediction [21] 412

that synthetic gels show negative Poisson’s ratios even in 413

a good solvent for a window of applied strains when they 414

are uniform). The rate of nucleosome disassembly rather 415

plays an important role in making the Poisson’s ratio of 416

chromatin gels negative. 417

Although our theory treats a model system, our the- 418

ory may capture the essential features of cell nuclei. Our 419

theory does not take into account the elasticity of nuclear 420

membranes. Indeed, lamin A/C proteins are not expressed 421

in stem cells and their membranes are rather flexible [5]. 422

Because lamin A/C is not expressed both in the transient 423

and naive pluripotent states [2], the elasticity of nuclear 424

membranes probably does not play an essential role in 425

determining the sign of the Poisson ratio of stem cells. 426

The nuclei of stem cells show positive Poisson’s ratio in 427

the naive pluripotent state and their Poisson’s ratios be- 428

come negative when histone deacetylases (HDACs) is in- 429

hibited [2]. Comparison between this and our theory pre- 430

dicts that the inhibition of HDACs increases the rate of 431

nucleosome disassembly. This might be the case because 432
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the deacetylation of histone tails by HDACs increases the433

attractive interactions between nucleosomes and stabilizes434

closed chromatin structures; inhibiting HDACs may make435

it easier for RNAP to penetrate into condensed chromatin436

regions and to disassemble nucleosomes.437

The auxeticity of stem cell nuclei was observed in ex-438

periments on the time scale of 0.01 to 0.1 s [2]. The stress439

relaxation time of chromatin in a nucleus is on the order440

of 1 s [22] and thus chromatin is elastic for the time scale441

of the aforementioned experiments, consistent with the as-442

sumption of our theory. In vitro experiments have shown443

that the time scale of nucleosome assembly is on the order444

of minutes [23, 24]. Our theory may suggest that chro-445

matin of stem cells has a mechanism that accelerates the446

rates of the assembly and disassembly of nucleosomes. If447

this is not the case, our theory predicts that the Poisson’s448

ratio is positive even near the critical point on the time449

scale of the experiments in ref. [2]. Eq. (9) is the generic450

form of the Poisson’s ratio on short time scales and it pre-451

dicts that the osmotic pressure plays an important role for452

the Poisson’s ratio of chromatin on these time scales. A453

more detailed treatment of the interactions between nucle-454

osomes and the effects of post-translational modification of455

histone tails on these interactions may elucidate the phys-456

ical mechanisms involved in the negative Poisson’s ratio of457

stem cell chromatin. Experiments that measure the Pois-458

son’s ratio of stem cell nuclei as a function of time may459

determine which is the case.460
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