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Summary

Many of the Chapters in this volume are concerned with processes or structures inside the
nucleus, and it is relevant to consider the properties of their environment, or rather of the
multiple different and specific environments which must exist in local regions of the highly
heterogeneous intranuclear space. Relatively little is known about the fundamental physical
properties of these environments, and theoretical treatments of phenomena in such
concentrated mixtures of charged macromolecules are complex and as yet poorly developed.
Some of the phenomena which occur at the molecular level are unexpected and counter-intuitive
for biologists, although well known to colloid and polymer scientists, for example the existence of

short-range attractive forces between macromolecules or structures with like charges. As a



background for the Chapters which follow, we consider here some of the particular features of
intranuclear environments, how they may influence processes and structures in the nucleus, and

their implications for working with nuclei.

1. The macromolecular environment

The particular properties of the macromolecular environment within the nucleus are only
now becoming recognised (1-5), and we believe that they are central to understanding molecular
interactions, the formation of structures, and processes in the nucleus. Values for the global
concentration of macromolecules within the nucleus, measured by several different approaches,
range from 65 to 220 mg/mL (Table 1). At these concentrations, phenomena termed
"macromolecular crowding" are observed (6-9 and references therein) which arise basically
because the thermodynamic activities of macromolecules greatly exceed their concentrations,

and which have important implications for processes within the nucleus.

Table 1 Concentration of macromolecules in the nucleus

mg/mL Method
NUCLEI
Hepatocytes, rat 100° Chemical assays
Hela cells 96 Interference microscopy
Hepatocytes, human 165 Interference microscopy
Spermatocytes, S. gregaria 220 Interference microscopy
Salivary gland cells (polytene), 65 Interference microscopy
Drosophila
Glial cells, human 150-180 Interference microscopy
NUCLEOPLASM
Oocytes, Xenopus 106° Interference microscopy
CHROMATIN
Interphase chromosomes, human 75 Calculation
Fluorescence correlation
Nucleosomes (Hela cells) 30-60 spectroscopy
Heterochromatin, Euglena sp. 400 Quantitative STEM
NUCLEOLI
Hepatocytes, rat 270° Chemical assays
Mesothelial cells, newt 220 Interference microscopy
Hela cells 200 Interference microscopy
Oocytes, Xenopus 215° Interference microscopy

(dense fibrillar region)
disolated nuclei and nucleoli; °as protein, all other values are totals.
Reproduced with permission from (5), where complete references are given.

1.1. Reaction kinetics
Macromolecular crowding has important consequences for the thermodynamics of the cell
(6-9), strongly affecting reaction kinetics (8,9) and diffusion processes (10). The

thermodynamics of solutions with a high macromolecular content is specifically affected by



entropic effects termed "depletion forces" (11). These occur in a mixture of molecules of different
sizes because contact between larger molecules (or particles) is favoured since it causes the
excluded volumes which surround them to overlap, thus increasing the volume accessible to
smaller molecules and increasing the system's entropy (12, 13). Particular local entropic
environments may surround different macromolecules and structures (14).

Crowding results in quantitative effects on both the rates and the equilibrium of reactions
involving macromolecules (7-9,12,13,15); the changes depend upon the sizes of the molecules,
on the crowding agents, and on the milieu (13,14). Enzymes which catalyze sequential reactions
such as replication, repair and transcription in the nucleus form macromolecular complexes so
that the product of one enzyme does not have to diffuse to reach another enzyme, thus

increasing metabolic efficiency (16).

Relatively little is known about the fundamental physical properties of the intranuclear
environment (17). In particular, It remains inadequately understood how biochemical reactions
in the nucleus and in other intracellular compartments differ from those in the test tube (9,18).
The rate laws for chemical reactions occurring in intracellular environments with macromolecular
crowding like the nucleus, characterized by heterogeneity and confinement which make
chemicals diffuse anomalously, have been studied previously (9,19,20). Here we consider the
validity of two central concepts of classical chemical kinetics in the cell nucleus: chemical

equilibrium and the law of mass action.

1.2. Chemical equilibrium and the law of mass action
In ligand-receptor dynamics, the ligand (L) and receptor (R) associate and dissociate

reversibly following the reaction scheme:
K
L+ReC (1)

where k; and k_; are the forward and backward rate constants, respectively.

A chemical equilibrium is achieved in any closed reaction system such as Eq. (1) as t > «.
In this state, there is no net activity which means that the chemical concentrations are not
changing in time. From the thermodynamic point of view, the chemical equilibrium is reached
when the forces driving the reaction in Eq. (1) are equal and opposite. According to the zeroth
principle of thermodynamics, the change in the net Gibbs free energy of the ligand and receptor
reaction is null (21). In physico-chemistry, thermodynamics studies changes in states and their

stability and is only concerned with the initial and final states of chemical species in reactions.



Chemical equilibrium can be understood from a different perspective, that of chemical
kinetics which focuses on understanding reaction mechanisms and the time scales of changes
of chemical concentrations. In the domain of chemical kinetics, chemical equilibrium is achieved
when the rates of the forward and backward reactions are equal and opposite. The rate of
reaction in classical chemical kinetics obeys the law of mass action, which says that the rate of a
reaction is proportional to the product of the concentrations of the reactants. Applying the law of
mass action, the equilibrium concentrations for Eq. (1) obey the following conservation
expression:

-ki[L] (t > 0)[R](t = o0) + LIi[C](t > 0) =0, .0

oooooogoooo Backward rate

where the square brackets denote concentrations and (t — oo ) their value at equilibrium.

We can now derive an expression for the equilibrium constant, K,

< ko _[Lao R > "
! k, [C](t — o)

which depends only on the thermodynamics properties of the reacting system in Eq. (1) (22). It
is important to emphasize that the forward and backward elementary reactions continue at
chemical equilibrium although at this stage there is no measurable change in the reaction since
the forward and backward rates are equal.

These principles are valid for most experimental conditions in standard laboratory practice,
that is closed, constant-volume systems maintained at constant temperature and pressure. The
reactions occur in a homogeneous environments, typically that of an ideal gas or a well-mixed
liquid phase. Unfortunately, biochemical reactions rarely occur in these conditions in vivo,

particularly in the nucleus. Therefore, what are the principles of reactions in the nucleus?

1.3. Chemical equilibria

During the 1960s and early 1970s, A.G. Ogston and T.C. Laurent carried out pioneering
investigations on protein thermodynamics in polymer solutions with properties similar to those
found in the nucleus (23,24) where, as in other intracellular compartments (25), macromolecules
occupy a significant fraction of the total volume. As a consequence, they are spatially
constrained on the microscopic level by force fields such as steric repulsion and attractive
interactions which occur between them. These forces can be either specific, if they depend on
the structure of the interacting molecules, or non-specific if they depend on the global properties

of the solvent or reaction medium. If the molecules are considered part of a mixture of hard



spheres, the total free energy of interaction between a specific molecule and all the other
molecules in the crowded environment is inversely proportional to the probability of placing the
specific molecule at a random location within the crowded medium (26). The total free energy
depends then upon the numbers, sizes and shapes of the other molecules present in the
reaction compartment (7,27). The effect of steric-repulsive forces on the volume available to a
given molecule depends on the centre of mass of the molecule and the molecules already
present in the solution or “background” molecules. If the molecule to be introduced into the
reaction is much smaller than the background molecules, the available reaction volume is large
as small molecules can diffuse between the large molecules. However, if the molecule
introduced into the reaction has a similar size to the background molecules the available volume
is substantially smaller, as the centre of a molecule can approach the centre of another only to
the distance at which the surfaces of the molecules contact each other. This phenomenon is
known as the volume exclusion (8) or depletion effect (11).

Allen P. Minton has systematically analysed the effects of background macromolecules on
biochemical equilibria (13,27,28). By analogy, Minton treated the interstitial elements of free
volume due to background molecules as pores. When the size of a pore is not much larger than
that of an enclosed molecule, steric-repulsive interactions between the molecule and the pore
boundaries result in a reduction of the volume available to it. Therefore, free energy is required
to transfer the molecule from an element of unbounded solution into a pore of equal volume
(29). In this case, the magnitude of excess work depends strongly upon the relative sizes and
shapes of both the confined molecules and pores (30); this phenomenon is known as
macromolecular confinement (7,30). Macromolecular crowding can also cause a different type
of phenomenon: if the molecule bears a net charge opposite to that of the background
molecules, then the molecule can be reversibly and nonspecifically adsorbed onto the surface
(31). This is known as macromolecular adsorption (7). When the absorption is spontaneous,
the free energy change is negative and its magnitude depends on factors which vary with the
size and shape of the molecule (32).

The influence of macromolecular crowding on a chemical equilibrium is represented by an

apparent equilibrium constant:

Ko, =TK,,, (4)

where Kqq is the equilibrium constant measured in an ideal solution (in the case of the reaction in
Eq. (1), this is Eq. (3)) and I is a nonideal correction factor. The activity coefficient is equal to

unity if the equilibrium occurs in an ideal solution. Otherwise, the correction factor can take



constant values, different from unity. The value of the correction factor can be calculated
theoretically from the hard spherical particle model in porous media, which assumes that the law
of mass action is valid and the rate of the reaction is also subject to a non-ideal correction. The
value of the correction factor depends of the sizes, shapes and concentrations of the reacting
and background molecules (13). This model is valid under a restricted set of conditions: the rate
of encounter between the ligand and receptor is larger than the rate of dissociation. In this case,
macromolecular crowding does not occupy a significant fraction of the total volume and
reactions are not subject to limited diffusion.

If macromolecular crowding occupies a significant fraction of the total volume, reactions will
be subject to a limited and anomalous diffusion (10,33). The rate of encounter of reactants
generally varies relative to the rate with which their intermediates break down. Under this
condition, the law of mass action is invalid (9,19) and the classical picture of thermodynamic
equilibrium also breaks down (34,35). The chemical equilibrium is not generally a true
thermodynamic equilibrium, but rather a non-equilibrium steady state as t — o« . The exact
value of this non-equilibrium steady state has to be calculated using kinetics approaches taking
into account dynamics effects. The overall Gibbs free energy principle cannot be postulated a

priori to determine the chemical equilibrium.

1.4. The law of mass action in the nucleus

The structural organisation of the nucleus is far from the homogeneous, well mixed solution
typical of an in vitro experiment. The consequences of the complexities of the rates of reactions
are only now becoming more generally understood (9,19,20,36) with the aid of various
computational frameworks to extract rate laws or empirical rate equations from simulation
experiments. Among these approaches, simulations based on lattice-gas automata are the
most popular and widely used.

A systematic computational investigation of reactions in environments with a fraction of the
total volume occupied by obstacles has revealed that there are at least two reaction rate laws

governing reactions in heterogeneous media (19). For the bimolecular irreversible reaction

scheme:
A+B—>C, (5)
the rate of product formation, v, is governed by the following expression:
v=f a(t)b(t), (6)

where f is a rate function, and a(t) and b(t) are the reactant concentrations at time t. Note that if

the law of mass action is valid, f is a rate constant.



The reaction kinetics of Eq. (5) are not determined by the nature of the background
molecules, but by the value of the reaction probability between A and B and their initial
concentrations. The computational analysis of reaction Eq. (5) has shown that the law of mass
action is valid if the reaction probability between A and B is small and one of these chemical
species is at a low concentration relative to the other.

In agreement with theoretical and experimental evidence of reactions occurring in
heterogeneous media, the computational analysis of the elementary reaction in Eq. (5) shows
that the rate law always follows time-dependent power-law behaviour as t — o« , known as
fractal-like kinetics (37), in confined environments with high macromolecular content. Hence, the
rate function follows:

f=kt=Dt™" t>1, (7)
where Kk is a rate constant and h is a constant measuring the dimensionally of the confined
system. This constant is bounded between 0 and 1 (0 <h <1). The results of computational
investigations show that physically dissimilar structures of the cell exhibit the same type of rate
laws. However, it is possible that complex covalent interactions of molecules with the molecular
background can affect the rate laws. The replacement of the rate constants by a time-
dependent rate coefficient has unexpected consequences. Experiments with reaction
mechanisms known to be elementary are easy to follow in time and have been used to test
fractal-like kinetics (37). However, the more complex reaction mechanisms of biochemical
reactions are more difficult to follow in time (38). There is an alternative rate law for diffusion-
limited reactions, where the reaction rate is equal to the encounter rate between reacting
species (13). The rate of encounter decreases exponentially with increasing concentrations of
background molecules, and not due to specific interactions between the reacting and

background molecules. Under these conditions, theory (39) suggests that the rate function is
f =k, exp(-gm), (8)

where kg is the rate of the reaction (encounter rate) in ideal conditions, g is a function of the

relative sizes and shapes of the reacting molecules, and m is the concentration of the

background molecules.

1.5. Experimental observations and relevance to biochemistry in the nucleus
Thermodynamic and reaction kinetic models to study the effects of macromolecular
crowding upon reactions have been developed during the last 20 years (9,13,19,30,32,36).

These are based on mesoscopic-level models that take simplified representations of the reacting



molecules, their interactions, and effects of the background non-reacting molecules (36). These
models provide simplifications for quantitative study of the chemical equilibrium of reactions in
environments as complex and intrinsically variable as the nucleus. To date, these models have
been successfully employed to predict and study effects of background molecules upon the
chemical equilibrium and reaction rates of diverse molecules in vitro (6-8,28,40). These in vitro
studies are a useful starting point to further our understanding of the reaction kinetics in the
nucleus and other intracellular compartments. However, there has not been any application to
reactions in vivo.

The intracellular environment is more complex and dynamic than a test tube experiment
with high a macromolecular content. As we pointed out, the nucleus is a complex structure
formed of multiple compartments with different micro-environments. For example, reacting
molecules can encounter a region of extremely high concentration of DNA, or an area of high
concentration of lipids and proteins in the nuclear membrane, or a region crowded with soluble
macromolecules. It is possible that differences in the nature of the macromolecular crowding
agents, the hydrodynamics of molecules, and the geometry of the micro-environment can affect
the reaction dynamics. These effects are under investigation in theoretical and experimental
studies.

In conclusion, the chemical equilibria and reaction kinetics in the nucleus are expected to be
governed by anomalous rate laws due to macromolecular crowding in reaction environments.
Reactants are spatially constrained in crowded environments on the microscopic level by force
fields such as steric repulsion, and by non-specific attractive interactions which can occur
between reacting and background molecules. Theory shows that the free energy of a reaction
changes with the number, size and shapes of other molecules present in the reaction
environments and that reaction kinetics are affected by the limited diffusion of reacting
molecules. We have considered how biochemical reactions within the nucleus could differ from
those in the test tube. We must acknowledge that the current theory represents a simplified
picture of the nuclear environment, but during the last 20 years systematic in vitro experimental
work where the composition of the reaction environment is changed has begun to emulate the in
vivo environment and experimental techniques are currently being developed for monitoring
reacting concentrations in time within individual cells (41). These methods, together with the
theory discussed here, will help quantitative understanding of how much biochemical reactions

within the nucleus differ from those in test tubes.



2. Effects of macromolecular crowding in the nucleus

2.1. Enhanced intermolecular association

In crowded media, macromolecular association constants are predicted to be as much as
several orders of magnitude greater than in the dilute solutions commonly employed for studies
in vitro (6). Fig. 1A illustrates such an effect observed experimentally for the association of two
70S ribosomal particles of E. coli to form a 100S particle. The short-range attractive forces which
occur between macromolecules or structures with like charges are also enhanced in crowded
media (42-44).

These effects may contribute to the self-organisation of the macromolecular complexes
which form intranuclear structures and compartments such as the nucleolus and the different
types of intranuclear bodies (1). Exogenous macromolecules introduced into the nucleus may
also form regions of high local concentration or "foci" (reviewed in 1). The possible significance
of crowding for the formation of nuclear aggregates of macromolecules in pathological
conditions (see the Chapters by von Mikecz et al and by lwahashi and Hagerman in this volume)

remains to be examined.
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Fig. 1. Examples of effects of macromolecular crowding on macromolecular interactions. (A) The
influence of crowding by poly(ethylene glycol) (PEG) (8 kDa, 4% w/v) on the equilbrium constant
for the association of two E. coli 70S ribosome subunits to form a 100S particle. Note that in the
presence of PEG, association proceeds in the absence of Mg?* ions (reproduced from (46) by
permission of Oxford University Press). (B) The influence of PEG (8 kDa) at different
concentrations (w/v) on the response of the nick translation reaction of E. coli DNA polymerase |
to the concentration of KCI (45) (Copyright (1987) National Academy of Sciences, USA,
reproduced with permission). (C) Phase separation in a solution of deoxyhaemoglobin (Hb) and
PEG (8 kDa, 1% w/v) in 0.15 M K phosphate buffer, pH 7.35. The dense spheres contain Hb at
a concentration ~12 times higher than the solution, and were formed at 300 mg Hb/mL at 42°C;
similar phase separation was seen at 96 mg Hb/mL and 35°C. The sequence shows droplets of
the dense phase coalescing during a 55 sec period (51) (Copyright (2002) National Academy of
Sciences, USA, reproduced with permission).
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2.2. Modified reaction conditions

Crowding can greatly modify or extend the range of conditions under which enzymes or
proteins are functional (6). For example in the presence of the crowding agent poly(ethylene
glycol) (PEG), DNA polymerase | shows a different optimum concentration of KCI for nick
translation (45) (Fig. 1B) and the requirement for Mg?* ions for self-association of E. coli 70S
ribosomal subunits is no longer seen (46) (Fig. 1A). The binding of lac repressor and RNA
polymerase of E. coli to DNA in vitro is strongly dependent on salt concentration, whereas in the
crowded intracellular environment in vivo their binding to specific sites is insensitive to the
intracellular K* level (47). When determining the optimum conditions for a nuclear enzyme or
reaction in vitro, the use of crowded conditions may therefore give a better indication of the

characteristics of the reaction in vivo.

2.3. Compaction of extended polymers

Depletion forces in a crowded environment cause extended or linear polymers to collapse to
more compact conformations (reviewed in 5). This effect could contribute to the compaction of
extended macromolecular complexes in the nucleus, including the polynucleosome chains of

interphase chromosomes.

2.4. Phase separation

In a solution of macromolecules or particles of different sizes and shapes, specific
components may demix and form separate phases (e.g. 49,49). Phase separation can also be
induced by the addition of counterions to a solution of macroions (50). In a concentrated solution
of a single protein, phase separation can occur forming spherical regions containing the protein

at a high concentration (e.g. 51) (Fig. 1C).

2.5. Effects on intrinsically unstructured proteins

Many nuclear proteins, including transcription factors and HMG proteins, contain regions of
intrinsically disordered structure in solution (52). Disordered regions can become structured in
crowded media (53,54), raising the possibility that in the nuclear environment these proteins may

be more structured than predicted.

2.6. Stochastic nature of reactions

There is growing evidence that at least some reactions are stochastic in the nucleus. At the
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molecular level, random fluctuations are inevitable when molecules are at low numbers per cell
or collide with background molecules (18). In recent years, random fluctuations in the regulation
of gene expression have been observed where small numbers of regulatory proteins interact
with DNA binding sites in the gene’s promoter region. These intrinsic noise effects have been
measured recently using fluorescent probes (e.g. 55, 56). Low copy numbers of expressed
RNAs may be significant for the regulation of downstream pathways (57). In this and other cases
when there are only small numbers of molecules in the reaction volume, a stochastic modelling
approach is required (18 and reference therein; 36). This means that experimentalists needs to
shift from the deterministic kinetics of molecular concentration in a traditional reaction kinetics
assay to a stochastic model, based on the probability that a molecular will be at a particular

state.

3. The ionic environment

3.1. Cations

The concentrations of ions within the nucleus are often deduced from their measured global
content in nuclei and used as a basis for preparing buffers for isolating and handling nuclei.
However, these ions are unlikely to be distributed homogeneously in the intranuclear space
because the surfaces of charged macromolecules and structures create particular local ionic
environments, and theory predicts that their distributions in different regions are highly
heterogeneous (e.g. 58,59). Simulation of the "interplay of electrostatics, dispersion forces,
thermal motion, polarization, fluctuations, hydration, ion size effects and the impact of interfacial
water structure makes it hard to identify a universal law" (60). The concept that "concentrations"
of ions within the nucleus can be defined is therefore questionable.

The concentrations of ions within the nucleus may not be be reflected by those in buffers
commonly employed to stabilise isolated nuclei because in vivo, the nucleus is stabilised by a
further factor, the crowding effect exerted on it by the high concentration of macromolecules in
the cytoplasm (10) which is relaxed when the cell membrane is removed. When this effect is
replaced by a crowding agent such as PEG or dextran included in the cell lysis buffer, cations
are no longer required in buffers to prepare stable nuclei (5; R. Hancock, unpublished data). The
use of buffers containing a crowding agent for isolation of nuclei and intranuclear structures such
as nucleoli, instead of conventional cation-containing media, may therefore reproduce more

closely the conditions in vivo.
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3.2. Hydrogen ions

The concentration of hydrogen ions measured by pH-sensitive dyes in the nucleus of a
number of cell types is ~7.3, and higher by 0.3-0.5 pH units than that in the cytoplasm (61,62).
The local concentration of hydrogen ions, like that of other cations, is expected to vary
considerably near the surfaces of macromolecules and structures; for example, localised regions
of pH 4.5 are predicted to occur in the minor groove of DNA in a buffer at pH 7.5 (58).

Spitzer and Poolman (63), considering the cytoplasm, drew attention to the possibility that
electrochemical gradients resulting from heterogeneous micro-environments caused by the
charged surfaces of macromolecules could be involved in the transport of charged low molecular

weight molecules.

4. The redox environment

Nuclei contain glutathione (GSH) at an estimated concentration in the millimolar range
(64,65); newer methods yield somewhat lower values (reviewed in 66). GSH is one of two
systems which reduce protein thiols in the nucleus, the second being based on thioredoxin 1
(Trx1) (67,68). The maintenance of a reducing environment appears to be important for many
nuclear activities; depletion of GSH impairs the transcriptional activation of heat shock genes
(69), cysteine residues in several transcription factors must be reduced for activity (reviewed in
70), and reducing conditions are required for maximal activity of telomerase (71). Redox-
sensitive motifs occur in the majority of cell cycle-associated proteins which function in the
nucleus in the G1 phase (70). The reducing environment may also contribute to promoting repair
of oxidative damage to DNA and to protecting oxidant-sensitive proteins from oxidation (72).
During the isolation of nuclei, dislphide crosslinks may be formed between nuclear proteins (e.g.
73), probably as a result of vigourous aeration during homogenisation of tissues.

The nuclear GSH pool escapes from nuclei in aqueous buffers (74), and there is therefore a
case for including a reducing agent such as glutathione or dithiothreitol (75) in solutions for

isolating nuclei and their components in order to reproduce the redox conditions in vivo.

5. Diffusion in the nucleus

The observed diffusion constants of macromolecules in the nucleus are at first view
unexpectedly high. Compared to those in aqueous solution they are similar for
oligodeoxynucleotides (76), 3-5 times lower for dextrans of 500-750 kDa (77,78), and ~2-3 times
lower for enhanced GFP (EGFP) and rod-shaped oligomers of EGFP (79). Within the nucleolus,

however, the latter probes diffuse ~20-fold more slowly than elsewhere in the nucleus (79). The
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relatively unhindered diffusion of macromolecules within the nucleus contrasts with the much
more restricted diffusion of intranuclear compartments and chromosomes (80,81).

Crowding imposes constraints to diffusion which vary with the size, shape and chemical
properties of the diffusing molecules (77,82) and anomalous diffusion is observed in crowded
environments (83,84). Diffusion rates may be higher than predicted, because depletion effects at
the surface of a moving macromolecule produce a low-viscosity layer around it which strongly

reduces the friction which it experiences (85,86).

Perspectives

The view of the nucleus as a crowded and confined mixture of charged macromolecules
provides new perspectives for both experimental and theoretical approaches. In experimental
studies, an oversimplified approximation to conditions in vivo would be provided by using buffers
which are crowded by addition of PEG, dextran, or Ficoll (e.g. 46). These crowded solutions are
presently the best systems to study nuclear enzymes, enzyme systems, and intranuclear
structures such as the nucleolus in vitro. Limits on the salt content of buffers which will
reproduce the environment in vivo are imposed by the exquisite sensitivity to salts of clustering
and phase separation of proteins in concentrated solutions (e.g. 87,88).

Theoretical approaches of a new and more quantitiative nature are needed to understand
the entropic and depletion effects. These forces are likely to be major contributors to the
formation of structures, and are also crucial for modelling complex sequential processes such as
replication and transcription (3) and for signalling and control networks. It should be noted that
analogous problems arise in physical chemistry (colloid and interface sciences) and are currently
investigated using both theoretical and experimental methods. Some of these studies can
provide interesting clues to understand biophysical-chemical processes in the nucleus; for
example, they bring new perspectives on the forces which may determine the conformation of
interphase chromosomes (5). Interdisciplinary approaches associating nuclear biologists with
mathematicians, colloid, surface and interface scientists are likely to be essential to understand

the nucleus and the effects of macrolecular crowding in intracellular environments.
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