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Fig. 7. Modulation of chromatin hierarchical looping by CTD chemical modifications. (A) Percentage of configurations with short-range (2 kb) and long-
range contacts at 3, 5, and 10 kb with error bars representing 95% confidence intervals obtained by bootstrapping the results from the independent sim-
ulations. (B and C) Space filling models illustrating configurations with different long-range contacts for 100-nucleosome arrays with H1 bound with different
degrees of phosphorylation. The probability of loop formation as a function of loop size for these systems is also quantified in S/ Appendix, Fig. S9. This shows
that CTD charge reduction is required for chromatin to be flexible enough to exhibit a nonzero probability of forming full loops (i.e., in which the first and last
nucleosome, separated by 20 kb, contact each other). Color coding for chromatin images and arrows is as in Figs. 1 and 5.

has been recently noted in mesoscale simulations of chromatin
that consider irregular H1 variants that bind nucleosomes in dif-
ferent on-dyad vs. off-dyad modes (26).

The degree of flexibility of the CTD within the nucleosome
can be directly altered by the introduction of histone post-
translational modifications, specifically different degrees of serine
and threonine phosphorylation. We suggest that other epigenetic
marks that change the flexibility of the CTD are expected to
modulate directly the structure of chromatin. Moderate CTD
charge reduction and increased CTD flexibility (mimicking partial
phosphorylation) yield less condensed and more heterogenous
chromatin, while a stronger charge reduction coupled to decreased
CTD flexibility (mimicking hyperphosphorylation) produces more
compact chromatin conformations and a higher probability of
establishing long-range contacts. These effects are consistent with
partial phosphorylation of H1 correlating with chromatin decon-
densation in interphase chromosomes (13, 60, 61) and decreasing
the capacity of H1 to compact free DNA with respect to WT (62).
It is also consistent with the observation that hyperphosphorylation
of H1, which is present during mitotic chromosome condensation
(63), compacts free DNA in the same way as WT H1 (62). We
propose that phosphorylation of serines and threonines of H1 is
among the selected set of epigenetic changes, along with H4 lysine
16 acetylation (3), that can directly modulate chromatin structure.
In addition, we suggest that charge-reducing chemical modifica-
tions that instead induce increased CTD flexibility could intensify
significantly chromatin’s fluid behavior and its ability to form
longer-range contacts even further.

Conclusion

Our multiscale study demonstrates that nucleosome-bound H1 is
highly disordered and that such disorder affects chromatin orga-
nization significantly. H1 disorder breaks up the symmetry of the
nucleosome, inducing irregular DNA linker bending and enhancing
DNA fluctuations. Nucleosome asymmetry and DNA fluctuations
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in turn favor chromatin conformations that are simultaneously
compact and hierarchically looped (10-13). Our work also puts
forward control of the charge and flexibility of the H1 CTD as
an additional mechanism for the regulation of chromatin looping,
with lower CTD charge favoring looping. Taken together, our
multiscale study bridging the atomic level with a mesoscale level of
chromatin sheds light on a long-standing question concerning the
structure and dynamics of H1 within the nucleosome, promotes
the notion of H1-bound nucleosomes as asymmetric and flexible
units, and suggests implications of H1 disorder on large-scale or-
ganization of chromatin.

Methods
All of the relevant methods are described in detail in S/ Appendix.

Data Availability. All relevant data is included in the main manuscript, the S/
Appendix, and the University of Cambridge Data Repository (https://doi.org/
10.17863/CAM.49850).

ACKNOWLEDGMENTS. This project received funding from the European
Research Council under the European Union’s Horizon 2020 Research and
Innovation Programme (Grant 803326). R.C.-G. is an Advanced Fellow from
the Winton Programme for the Physics of Sustainability. T.S. received fund-
ing from the NIH National Institute of General Medical Sciences Awards
R0O1GMO055264 and R35-GM122562 and from Phillip-Morris USA and
Phillip-Morris International. S.E.F. acknowledges the Engineering and
Physical Sciences Research Council (EPSRC) Centre for Doctoral Training
in Computational Methods for Materials Science for funding under grant
no. EP/L015552/1. This work was performed using resources provided by
the Cambridge Tier-2 system operated by the University of Cambridge
Research Computing Service (https:/www.hpc.cam.ac.uk/) funded by
EPSRC Tier-2 capital grant EP/P020259/1, by the Advanced Research Comput-
ing High End Resource (ARCHER) system at the UK National Supercomputing
Service (Project e459), and by the Red Espafiola de Supercomputacion (Pro-
jects QCM-2018-3-0041 and QCM-2018-2-0037). G.P. was funded by Well-
come Trust Grant 099232/z/12/z. We thank Massimiliano Bonomi for
invaluable help with our BE-MetaD simulations and Anna R. Panchenko
and Alexey K. Shaytan for providing their code to align nucleosomes to the
dyad plane.

3. R. Collepardo-Guevara et al., Chromatin unfolding by epigenetic modifications ex-
plained by dramatic impairment of internucleosome interactions: A multiscale com-
putational study. J. Am. Chem. Soc. 137, 10205-10215 (2015).

4. O. Perisi¢, R. Collepardo-Guevara, T. Schlick, Modeling studies of chromatin fiber
structure as a function of DNA linker length. J. Mol. Biol. 403, 777-802 (2010).

Sridhar et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910044117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910044117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910044117/-/DCSupplemental
https://doi.org/10.17863/CAM.49850
https://doi.org/10.17863/CAM.49850
https://www.hpc.cam.ac.uk/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910044117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1910044117

Downloaded at Bobst Library, New York University on March 17, 2020

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

35.

Sri

. T.Schalch, S. Duda, D. F. Sargent, T. J. Richmond, X-ray structure of a tetranucleosome
and its implications for the chromatin fibre. Nature 436, 138-141 (2005).

. F. Song et al., Cryo-Em study of the chromatin fiber reveals a double helix twisted by
tetranucleosomal units. Science 344, 376-380 (2014).

. M. Kruithof et al., Single -molecule force spectroscopy reveals a highly compliant
helical folding for the 30-nm chromatin fiber. Nat. Struct. Mol. Biol. 16, 534-540
(2009).

. S. A. Grigoryev, G. Arya, S. Correll, C. L. Woodcock, T. Schlick, Evidence for hetero-
morphic chromatin fibers from analysis of nucleosome interactions. Proc. Natl. Acad.
Sci. U.S.A. 106, 13317-13322 (2009).

. K. Maeshima, R. Imai, S. Tamura, T. Nozaki, Chromatin as dynamic 10-nm fibers.
Chromosoma 123, 225-237 (2014).

. G. D. Bascom, K. Y. Sanbonmatsu, T. Schlick, Mesoscale modeling reveals hierarchical
looping of chromatin fibers near gene regulatory elements. J. Phys. Chem. B 120,
8642-8653 (2016).

. G. Bascom, T. Schlick, Linking chromatin fibers to gene folding by hierarchical looping.
Biophys. J. 112, 434-445 (2017).

. G. D. Bascom, C. G. Myers, T. Schlick, Mesoscale modeling reveals formation of an
epigenetically driven HOXC gene hub. Proc. Natl. Acad. Sci. U.S.A. 116, 4955-4962
(2019).

. S. A. Grigoryev et al., Hierarchical looping of zigzag nucleosome chains in metaphase
chromosomes. Proc. Natl. Acad. Sci. U.S.A. 113, 1238-1243 (2016).

. Y. Joti et al., Chromosomes without a 30-nm chromatin fiber. Nucleus 3, 404-410
(2012).

. H. D. Ou et al., ChromEMT: Visualizing 3D chromatin structure and compaction in
interphase and mitotic cells. Science 357, eaag0025 (2017).

. K. Maeshima, S. Ide, K. Hibino, M. Sasai, Liquid-like behavior of chromatin. Curr. Opin.
Genet. Dev. 37, 36-45 (2016).

. R. Collepardo-Guevara, T. Schlick, Chromatin fiber polymorphism triggered by vari-
ations of DNA linker lengths. Proc. Natl. Acad. Sci. U.S.A. 111, 8061-8066 (2014).

. M. A. Ricci, C. Manzo, M. F. Garcia-Parajo, M. Lakadamyali, M. P. Cosma, Chromatin
fibers are formed by heterogeneous groups of nucleosomes in vivo. Cell 160, 1145-
1158 (2015).

. A. V. Onufriev, H. Schiessel, The nucleosome: From structure to function through

physics. Curr. Opin. Struct. Biol. 56, 119-130 (2019).

J. B. Boulé, J. Mozziconacci, C. Lavelle, The polymorphisms of the chromatin fiber.

J. Phys. Condens. Matter 27, 033101 (2015).

. G. Arya, T. Schlick, Role of histone tails in chromatin folding revealed by a mesoscopic

oligonucleosome model. Proc. Natl. Acad. Sci. U.S.A. 103, 16236-16241 (2006).

G. Arya, T. Schlick, A tale of tails: How histone tails mediate chromatin compaction in

different salt and linker histone environments. J. Phys. Chem. A 113, 4045-4059

(2009).

E. M. Bradbury et al., Studies on the role and mode of operation of the very-lysine-

rich histone H1 (F1) in eukaryote chromatin. The conformation of histone H1. Eur.

J. Biochem. 52, 605-613 (1975).

A. L. Turner et al., Highly disordered histone H1-DNA model complexes and their

condensates. Proc. Natl. Acad. Sci. U.S.A. 115, 11964-11969 (2018).

O. Perisi¢, T. Schlick, Dependence of the linker histone and chromatin condensation

on the nucleosome environment. J. Phys. Chem. B 121, 7823-7832 (2017).

O. Perisi¢, S. Portillo-Ledesma, T. Schlick, Sensitive effect of linker histone binding

mode and subtype on chromatin condensation. Nucleic Acids Res. 47, 4948-4957

(2019).

E. Y. Popova et al., Developmentally regulated linker histone H1c promotes hetero-

chromatin condensation and mediates structural integrity of rod photoreceptors in

mouse retina. J. Biol. Chem. 288, 17895-17907 (2013).

J. Bednar et al., Nucleosomes, linker DNA, and linker histone form a unique structural

motif that directs the higher-order folding and compaction of chromatin. Proc. Natl.

Acad. Sci. U.S.A. 95, 14173-14178 (1998).

A. Routh, S. Sandin, D. Rhodes, Nucleosome repeat length and linker histone stoichi-

ometry determine chromatin fiber structure. Proc. Natl. Acad. Sci. U.S.A. 105, 8872-8877

(2008).

C. L. Woodcock, S. A. Grigoryev, R. A. Horowitz, N. Whitaker, A chromatin folding

model that incorporates linker variability generates fibers resembling the native

structures. Proc. Natl. Acad. Sci. U.S.A. 90, 9021-9025 (1993).

. D. Pruss et al., An asymmetric model for the nucleosome: A binding site for linker

histones inside the DNA gyres. Science 274, 614-617 (1996).

B. R. Zhou et al., Structural insights into the histone H1-nucleosome complex. Proc.

Natl. Acad. Sci. U.S.A. 110, 19390-19395 (2013). Correction in: Proc. Natl. Acad. Sci.

US.A. 111, 1222 (2014).

B. R. Zhou et al., Structural mechanisms of nucleosome recognition by linker histones.

Mol. Cell 59, 628-638 (2015).

J. Bednar et al., Structure and dynamics of a 197 bp nucleosome in complex with

linker histone H1. Mol. Cell 66, 384-397.e8 (2017).

M. A. Oztirk, G. V. Pachov, R. C. Wade, V. Cojocaru, Conformational selection and

dynamic adaptation upon linker histone binding to the nucleosome. Nucleic Acids

Res. 44, 6599-6613 (2016).

dhar et al.

36.

37.

38.

39.

40.

4

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

62.

63.

64.

65.

. A. Luque, G. Ozer, T. Schlick, Correlation among DNA linker length, linker histone
concentration, and histone tails in chromatin. Biophys. J. 110, 2309-2319 (2016).

A. Roque, I. Ponte, P. Suau, Role of charge neutralization in the folding of the
carboxy-terminal domain of histone H1. J. Phys. Chem. B 113, 12061-12066 (2009).
A. Borgia et al., Extreme disorder in an ultrahigh-affinity protein complex. Nature
555, 61-66 (2018).

H. Fang, S. Wei, T. H. Lee, J. J. Hayes, Chromatin structure-dependent conformations
of the H1 CTD. Nucleic Acids Res. 44, 9131-9141 (2016).

A. Luque, R. Collepardo-Guevara, S. Grigoryev, T. Schlick, Dynamic condensation of
linker histone C-terminal domain regulates chromatin structure. Nucleic Acids Res. 42,
7553-7560 (2014).

. V. Ramakrishnan, J. T. Finch, V. Graziano, P. L. Lee, R. M. Sweet, Crystal structure of
globular domain of histone H5 and its implications for nucleosome binding. Nature
362, 219-223 (1993).

K. Lindorff-Larsen et al., Improved side-chain torsion potentials for the Amber ff99SB
protein force field. Proteins 78, 1950-1958 (2010).

A. Pérez et al., Refinement of the AMBER force field for nucleic acids: Improving the
description of alpha/gamma conformers. Biophys. J. 92, 3817-3829 (2007).

W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, M. L. Klein, Comparison
of simple potential functions for simulating liquid water. J. Chem. Phys. 79, 926
(1983).

R. B. Best, W. Zheng, J. Mittal, Correction to balanced protein-water interactions
improve properties of disordered proteins and non-specific protein association.
J. Chem. Theory Comput. 11, 1978 (2015).

J. L. F. Abascal, C. Vega, A general purpose model for the condensed phases of water:
TIP4P/2005. J. Chem. Phys. 123, 234505 (2005).

J. Huang et al., CHARMM36m: An improved force field for folded and intrinsically
disordered proteins. Nat. Methods 14, 71-73 (2017).

K. Hart et al., Optimization of the CHARMM additive force field for DNA: Improved
treatment of the BI/BIl conformational equilibrium. J. Chem. Theory Comput. 8, 348—
362 (2012).

D. A. Beard, T. Schlick, Modeling salt-mediated electrostatics of macromolecules: The
discrete surface charge optimization algorithm and its application to the nucleosome.
Biopolymers 58, 106-115 (2001).

A. K. Shaytan et al., Coupling between histone conformations and DNA geometry in
nucleosomes on a microsecond timescale: Atomistic insights into nucleosome func-
tions. J. Mol. Biol. 428, 221-237 (2016).

T. L. Caterino, H. Fang, J. J. Hayes, Nucleosome linker DNA contacts and induces
specific folding of the intrinsically disordered H1 carboxyl-terminal domain. Mol. Cell.
Biol. 31, 2341-2348 (2011).

A.Roque, I. lloro, I. Ponte, J. L. R. Arrondo, P. Suau, DNA-induced secondary structure of
the carboxyl-terminal domain of histone H1. J. Biol. Chem. 280, 32141-32147 (2005).
K. Maeshima, S. Hihara, M. Eltsov, Chromatin structure: Does the 30-nm fibre exist in
vivo? Curr. Opin. Cell Biol. 22, 291-297 (2010).

K. Bystricky, P. Heun, L. Gehlen, J. Langowski, S. M. Gasser, Long-range compaction
and flexibility of interphase chromatin in budding yeast analyzed by high-resolution
imaging techniques. Proc. Natl. Acad. Sci. U.S.A. 101, 16495-16500 (2004).

D. T. Brown, B. T. Alexander, D. B. Sittman, Differential effect of H1 variant over-
expression on cell cycle progression and gene expression. Nucleic Acids Res. 24, 486—
493 (1996).

N. Happel, D. Doenecke, Histone H1 and its isoforms: Contribution to chromatin
structure and function. Gene 431, 1-12.

R. A. Swank et al., Four distinct cyclin-dependent kinases phosphorylate histone
H1 at all of its growth-related phosphorylation sites. Biochemistry 36, 13761-13768
(1997).

R. Collepardo-Guevara, T. Schlick, Crucial role of dynamic linker histone binding and
divalent ions for DNA accessibility and gene regulation revealed by mesoscale mod-
eling of oligonucleosomes. Nucleic Acids Res. 40, 8803-8817 (2012).

H. Fang, D. J. Clark, J. J. Hayes, DNA and nucleosomes direct distinct folding of a linker
histone H1 C-terminal domain. Nucleic Acids Res. 40, 1475-1484 (2012).

A. Contreras et al., The dynamic mobility of histone H1 is regulated by cyclin/CDK
phosphorylation. Mol. Cell. Biol. 23, 8626-8636 (2003).

. R. Lopez et al., Linker histone partial phosphorylation: Effects on secondary structure
and chromatin condensation. Nucleic Acids Res. 43, 4463-4476 (2015).

A. Roque, |. Ponte, J. L. R. Arrondo, P. Suau, Phosphorylation of the carboxy-terminal
domain of histone H1: Effects on secondary structure and DNA condensation. Nucleic
Acids Res. 36, 4719-4726 (2008).

J. P. H. Th'ng, X. W. Guo, R. A. Swank, H. A. Crissman, E. M. Bradbury, Inhibition of
histone phosphorylation by staurosporine leads to chromosome decondensation.
J. Biol. Chem. 269, 9568-9573 (1994).

M. Rawiso, From intensity to structure in physical chemistry of polymers. J. Phys. IV 9,
147-195 (1999).

J. E. Kohn et al., Random-coil behavior and the dimensions of chemically unfolded
proteins. Proc. Natl. Acad. Sci. U.S.A. 101, 12491-12496 (2004). Correction in: Proc.
Natl. Acad. Sci. U.S.A. 102, 14475 (2005).

PNAS Latest Articles | 9 of 9

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY



