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14. Nüchter, T., Benoit, M., Engel, U., Özbek, S.,
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Ourunderstandingofhigherorderchromosomestructurehasbeen transformed throughstatisticalmechanics-
based computer simulations of polymer chains. A new study exploring basic electrostatic interactions
demystifies how chromosomes regulate their state of compaction over several orders of magnitude.
Chromosomesprovide themechanism for

compacting 2 meters of DNA into a

5–10 mm mammalian cell nucleus that

allows exquisite access to a few, but

highly specific, percent of the genome.

Chromosomes have captured the

attention of cell biologists for over

125 years, when Fleming first reported the

remarkable cycles of compaction and

decompaction during cell division [1]. It

wasn’t until the structure of DNA was

determined in 1953 thatmolecular models

of chromosome organization could be

built. Someof the earlymodels focusedon

how awater lattice functions in structuring

the DNA. This led to work from Cole who

proposed primary and secondary coils
that are generated by neutralizing charged

groups onone side of the helix, weakening

the interaction between the DNA polymer

and water, thus leading to bending of the

chain [2]. The early drawings are

reminiscent of depictions in the current

literature. The physiologists experimented

with divalent cations, finding that the

chromosome compaction/decompaction

cycle could be largely accounted for by

depletion (decompaction) and addition

(compaction) of Mg2+ [3].

A second major insight into the material

properties of DNA/chromosomes came

from single-polymer dynamics. Watching

individual molecules extend under flow led

Perkins et al. [4] to propose that the
behavior of the DNA polymer can be

capturedusingbead–springchains (known

as worm-like chains) with entropic

elasticity. From the polymer-physics

perspective,weknowthat ifweplacemany

chains (i.e., chromosomes) in a confined

space, there is an entropic penalty for

mixing [5]. The findings from Cremer et al.

[6] provided the first experimental evidence

for chromosome territories, foreshadowing

the power of polymer models in decoding

the 4D nucleome [7,8].

The field of chromosome physiology

was on hiatus while molecular geneticists

worked on the parts list of histone and

non-histone chromosomal proteins, their

modifications, and the pathways toward
ebruary 5, 2018 ª 2017 Elsevier Ltd. R117
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Figure 1. Chromosome condensation through cross-linking.
(A) Coils of bead–spring polymer (red beads) adopt a random configuration when allowed to reach
equilibrium in a thermal bath. (B) The polymer is continually buffeted by water molecules and adopts
the thermodynamically favorable conformation of a coil. Condensin (in white) is modeled as a spring
between two beads. Simply allowing condensin to link two beads leads to a dramatic condensation
reaction within the chain. Images from Josh Lawrimore, UNC-Chapel Hill.
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chromatin assembly and remodeling. At

this junction, we can turn our attention

back to the higher order organization of

the chromosome.

A refreshing look at the regulation of

chromosome structure has been taken in

Maeshima et al. [9], published in this issue

of Current Biology. In this study, the

authors develop a FRET-based indicator

for Mg2+, MARIO (magnesium ratiometric

indicator for optical imaging), to examine

free Mg2+ levels in live cells. Free Mg2+

increases as cells transit into

prometaphase and remain high until the

endof anaphaseascells enter the next cell

cycle. Interestingly, a major chelator of

Mg2+ is ATP, which is known to modulate

chromosome condensation [10]. Using

another FRET-based probe, ATeam

(adenosine 50-triphosphate indicator

based on epsilon subunit for analytical

measurements) [11],Maeshima found that

ATP levels drop in metaphase, inverse to

the behavior of Mg2+. The authors

estimate that the massive

phosphorylation of lamin during nuclear

envelope breakdown and histone H1 and

H3 during mitosis cumulatively account

for 11 x 108 sites. To put this in context,

rough estimates based on the premise

that youconsumeyour ownbodyweight in

ATP every day and that there are �1013

cells in the human body, we burn �70 x

106 ATPs per cell per second. It is not

unreasonable to propose that

phosphorylation on the order of 109 sites

over a short time framewould at least put a

dent in the free pool of ATP. Thus, through
R118 Current Biology 28, R103–R126, Februa
ATP depletion and release of free Mg2+,

there are two basic chemical changes that

will promote chromosome condensation

from first principles.

The intrigue in the Maeshima et al. [9]

study is how far basic electrostatic

interactions and thermodynamics might

take us into understanding the inner

workings of the chromosome.

Techniques such as 3C and Hi-C

that enable mapping of intra- and

inter-chromosomal contact sites

genome-wide [12,13] have propelled

simple bead–spring polymer models of

the DNA to the forefront of the field

(Figure 1). A remarkable degree of fine

structure can be gleaned from mapping

contact sites as a function of chain

dynamics being bombarded by water

[14]. However, the fine structure from

such Brownian motion analysis is in

constant flux, and unlike the situation in

living cells, changes with every

successive time step. To package the

chromosome into the confined nucleus

and build substructure that defines cell

identity, critical protein components

together with polymer chain dynamics are

required to transform random interactions

into shapes and fine structures that can

be propagated over cell cycle and

developmental time. The degree of linear

compaction is on the order of 10,000X (2

meters DNA/46 chromosomes in diploid =

43 mm average chromosome 1 x 1 x 5

micron: 43 mm/5 mm �10,000). We can

make a similar calculation in terms of

chromosome volume. The volume
ry 5, 2018
of a random polymer coil can be

estimated from the radius of gyration

(Rg = (ON x a)/O6) [15]. A polymer

is defined by its contour length (Lc) and

length scale over which the polymer is on

average stiff, or more precisely the

length scale over which vectors

tangential to either end of the polymer

are correlated (persistence length Lp,

for DNA = 50 nm). a is the Kuhn length

2 X Lp = 100 nm, and for the genome,

N is the number of a monomers (Lc/a

in bp) = 2 x 107. Rg for the diploid

mammalian genome = 180 mm. The

volume of a random coil with no other

constraints = 23 x 106 mm3. Packing this

into a �5 mm nucleus (volume = 65 mm3)

requires about 350,000X compaction!

The SMC (structural maintenance of

chromosomes) proteins are major

contributors to chromosome organization

[16]. The SMC proteins are characterized

by intertwined coiled-coil domains that

have hinges at both ends, enabling them to

embrace a DNA strand dynamically. They

come in different forms, known as cohesin

(SMC1,3), condensin (SMC2,4) and

SMC5,6 inbuddingyeastandparticipate in

sister chromatid cohesion, chromosome

condensation, DNA repair, among others.

Continuing the theme of deriving function

from basic chemical and thermodynamic

principles, we can consider the role of the

ring complexes with the elastic properties

of long-chain polymers. The fact that a

subset of intra- and inter-chromosomal

contacts are propagated in time reveals

there are specific linkages maintained by

SMC or other protein complexes. These

linkages can be in the form of cross-links

between two strands, or in the case of ring

complexes, can be slip linkages. A slip link

is a molecular pulley in which two polymer

strands (DNA) can slipwith respect to each

other as they slide through the pulley. Slip-

link pulleys have received a great deal of

attention in the materials sciences due to

unique properties they confer to the

network [17,18]. To make a slip-link gel,

one threads the polymer (in this case a high

molecular weight polyethylene glycol)

through a ring-shaped molecule

(a-cyclodextrin) to formapolyrotaxanegel.

The cross-links are freely movable in the

polymer network. The feature of

polyrotaxane germane to chromosomes is

their ability to change volume 400X while

preserving their morphology. This mimics

the behavior of chromosomes as they
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decompact upon Mg2+ depletion and

return to their original morphology and

volume upon addition of Mg2+. Slip-link

gels are unique relative to fixed cross-link

gels in thedistributionof tension across the

network and in their increasing strength as

deformation is increased. Slip-link

networks have significant implications in

the distribution of tension between sister

kinetochores in mitosis [19,20].

The beauty of Maeshima et al. [9] is the

opportunity to pursue another important

aspect imbedded in polymer physics

models, namely the effects of solvent. The

quality of the solvent (i.e., the nucleoplasm)

influences whether polymer chains tend to

repel one another and dissolve, or stick

together and precipitate out (condense).

There remain additional secrets to be

ferreted out in the world of chromosomes.
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The vascular permeability barrier must be maintained in response to changes to vessel calibre, shear stress
and blood pressure. A new study reveals a remarkable mechanism for flow-mediated regulation of
permeability: Notch1 activation leads to the assembly of GTPase signalling complexes at VE-cadherin
contacts and a strengthening of the endothelial barrier.
Blood vessels enable nutrient transport

throughout the human body. The inner

vessel lining — the endothelium — forms
a barrier to separate blood from

parenchymal cells. The tightness of this

barrier is organ specific [1] and allows the
proper exchange of fluid and plasma

metabolites across the capillary wall to

maintain homeostasis and to prevent
ebruary 5, 2018 ª 2017 Elsevier Ltd. R119
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