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Abstract

The intracellular environment is highly crowded because of the presence of high concentration of biomolecules such as
proteins, DNA, RNA, cytoskeleton etc and the concentration of these biomolecules in the cytoplasm is in the range of 80-400
mg ml* which accounts for nearly 5-40 % of the total cellular volume. These biomolecules generate a crowded medium having
restricted amount of free water. Moreover, the volume occupied by co-solute is unavailable to other molecules, which results in
the decrease of available volume to these molecules. Thus, macromolecular crowding can affect any reaction, which depends
upon the available volume. The thermodynamic consequences of macromolecular crowding are known as excluded volume
effects. Le Chatelier’s principle leads to the conclusion that volume exclusion will always favor the folded state of the protein
because this form is more compact and occupies lesser space than the denatured state. The volume exclusion phenomenon
increases the entropy, which leads to decrease in the free energy of the system that leads to stabilization. Excluded volume
shifts the equilibrium towards the native state because the free energy of the denatured states gets raised in crowded
condition. It is also said that there is a direct effect of macromolecular crowding on the unfolded state because it increases
the free energy of the denatured state and increases the relative stability of the folded state. Thus, macromolecular crowding
forces the denatured state to become more compact. Thus it is expected that the behavior of any protein present in crowded
environment is different from its behavior in the dilute solution. Thus, macromolecular crowding has made appreciable
impact on protein structure, protein function, protein stability, protein folding, binding of ligand to protein, protein-protein
interaction, molten globule formation and protein aggregation. Volume exclusion because of crowding agent increases the
stability of protein and higher the volume exclusion greater is the stabilizing effect on protein. On the other hand, chemical
interaction between crowder and protein overcomes the excluded volume effect leading to destabilization of the protein. Thus,
the effect of crowder depends on the concentration, shape, size and nature of crowding agent employed.
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Introduction the cell membrane and consists of enormous biomolecules
such as nucleic acids, proteins, various metabolites and

Cell is the basic structural and functional unit of life. It all the raw materials and machines required for protein

is the smallest unit of life and is called the “building blocks synthesis and its folding. Mostly protein folding studies
of life”. Cell consists of cytoplasm which is enclosed within including characterization of their properties and behavior
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have been done in dilute buffer solution and it is assumed
that this dilute condition also represents the in-vivo scenario.
However, the cellular environment is entirely different from
the dilute buffer condition [1-3]. Various biomolecules such
as nucleic acids, carbohydrates, proteins, ribosomes etc. are
presentinside the cellular environment. Thus we can say that
the intracellular environment is highly crowded due to the
presence of these molecules. The nucleic acids, proteins and
ribosomes have evolved to functionina crowded environment
[4]. It is estimated that the concentration of macromolecules
in the cytoplasm is in the range of 80-400 mg/ml, which
accounts for 5-40 % of the total cellular volume [1,3,5,6]. This
situation is defined as macromolecular crowding. The term
“macromolecular crowding” was coined by Minton in 1981
[7]and itimplies the influence of nonspecific stericrepulsions
caused by “inert” crowders on specific reaction that occurs
in highly volume occupied medium. Presence of different
macromolecules of different shapes, sizes and compositions
govern the level of crowding inside cell [8]. For example,
Escherichia coli cell has 300-400 mg ml* biomolecules which
consists of RNA, DNA and various proteins [3], human eye lens
consists of >500 mg ml! crystallin protein [9], RBC consists
of 350 mg ml? hemoglobin [10] and the mitochondrial
matrix consists of 500 mg ml™ protein [11]. Crowding is not
only confined to the cell interiors but also observed in the
extracellular matrix. For example, blood plasma consists of
macromolecules having a concentration of 80 mg ml?, which
can have significant crowding effect. Similarly cartilage also
has enough crowding [8]. Crowding can have significant
effect on structure, stability, functional activity, kinetics of
protein folding and binding, protein aggregation and other
complex biological processes [12]. Because the intracellular
environmentishighly crowded,itbecomes verynecessaryand
interesting how the proteins fold and function in the cellular
environment. Understanding the effect of crowding is very
important because the biophysical properties of proteins,
process of protein folding and their interaction are usually
obtained from studies in dilute environment where the effect
of crowding is not taken into account. In order to study the
effect of crowding on the biophysical properties of proteins,
the crowded environment should be mimicked using either
natural or synthetic crowding agents [13]. The cell extracts
can be considered as the best macromolecular crowder
because it can provide the actual cellular environment [8].
But because of various hurdles it becomes very difficult to
perform and analyze experiments using the cell extract.
Therefore, various natural and synthetic crowding agents
are used in order to study the effect of crowding [12,14]. The
cellular environment is composed of various biomolecules
which differ in shape, size and nature [15]. Thus, crowders
having different shape, size and nature were used in order to
study the effect of crowding [12, 13,16-22]. The dependence
of crowding effect on the concentration, size, shape and
nature of crowding agents are very important attributes
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which must be considered [23]. It is very important to note
that the crowder should be inert because steric repulsion is
the only interaction between crowders and biomolecules. It
results in decrease of available intracellular space to other
macromolecules because of volume exclusion [10,16].

Protein Folding and Stability

Folding of protein is a process in which an unstructured
polypeptide chain folds into its native structure and thus
attains a conformation, which is biologically functional. They
are the most versatile molecule present in the living system
and perform most of the essential biological functions. They
are translated as nascent polypeptide chains with the help
of ribosomes and various other proteins and mRNA. The
polypeptide chains fold to their functionally active three-
dimensional structures [24]. The sequence of amino acid
determines the particular three dimensional structures of
proteins [25]. The sequence of amino acids and its three-
dimensional structure is responsible for its particular
function. The ability of linear polypeptide to fold into its
three dimensional structure is called as protein folding. The
process of transcription and translation converts the genetic
information into protein, which is the most significant
molecule present in the cellular environment. Yet, how
protein folding takes place and what structure a particular
sequence of amino acids will generate is still not understood
in detail. Therefore, the process of protein folding is often
referred to as protein folding problem [26]. A sequence of
amino acids folds into its native functionally active form
within 103 sec to 1 sec [27]. Various forces required for
protein folding are hydrophobic interactions, hydrogen
bonding, van der Waals interactions and ionic interactions.
These forces contribute to the structure, function and
stability of proteins. Inside the cell, folding is a complex
but regulated process having significant contribution of
molecular chaperones as helper proteins. Indeed, the process
of protein folding occurs when polypeptide chain on getting
released from ribosomes enters the chaperones and gets
released from there [28,29]. A nascent polypeptide chain
does not encounter all the possible conformations during
a finite time [30] and folding within a cell is controlled by
chaperones. It is considered that the protein folding process
is similar in in-vivo as well as in dilutes in-vitro condition,
even if the two conditions are quite different [31,32]. It has
been shown that the unfolded polypeptide can transform into
unique and biologically active three dimensional structures
in the dilute solution and without any contribution of helper
protein [33]. Thus, a polypeptide has the ability to fold into
unique three dimensional structures which depends only
on the sequence of amino acids and present at suitable pH,
temperature and other environmental factors [33]. Anfinsen
stated that protein folding is an energetically driven process
where the native state has the minimum global free energy at
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that particular condition [33]. Proteins must fold and acquire
a native three-dimensional structure in order to carry out its
function. The native or folded form of any protein is more
stable than the unfolded form. Thus increasing the stability
of protein is very significant in basic protein research [34].
Proteins exist in dynamic equilibrium of N (native) <> D
(denatured) state within the cellular environment [35-37].
Thus, the net balance of forces, which determine whether a
protein will attain folded (native) conformation or unfolded
confirmation is known as its stability. Stability indicates
protein’s resistance to adverse effects such as extreme pH,
temperature, pressure and chemical denaturants that affect
the perseverance of its biological function or molecular
integrity [38,39]. Unfolding of a protein loses the biological
activity of it. Such unfolding is known as denaturation. For
a reversible N<>D process, the net thermodynamic stability
of a protein is defined as the difference in Gibbs free energy
between the native and the denatured states, i.e, AG,° = G_°
-G°

This difference in the free energies of native and
denatured states are in the range of 5-15 kcal mol* which
corresponds to a small number of weak non-covalent
interactions [38]. The relative free energies of the native
and the denatured states are the important factors, which
influence its stability. The larger the value of AG_°, the more
is the stability of protein [40]. A subtle balance between the
two thermodynamic quantities namely, change in enthalpy
[AH(T)] and change in entropy [AS(T)] at a particular
temperature contribute to protein stability. Moreover,
the balance between several unfavorable and favorable
interactions influences the protein folding and stability
under physiological environments. Thus, stability provides
a necessitated flexibility to protein so as to perform their
functions in a proper manner [41].

Thermodynamic Basis of Protein Stability

A clear analysis of various thermodynamic properties
such as entropy, enthalpy, and free energy is useful in
understanding the protein stability. The classical works
of Anfinsen [33,42] are the source for the concept of
thermodynamic stability of proteins. The denatured state has
substantial conformational freedom and high configurational
entropy whereas the native state has low configurational
entropy and is highly confirmationally restricted. In addition,
the denatured state possesses large accessible surface area
in comparison to the native state. Therefore, when a protein
folds, a considerable loss in the entropy takes place. This loss
must be equalized by a gain of enthalpy for the free energy
to favor the process of folding. The enthalpy of side chains
packing in the native state is favorable and recompenses
for its low entropy. It is not just the enthalpy and entropy
of the native and denatured states that contribute to the
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thermodynamic properties of a protein but the enthalpy
and entropy of water must also be counted. Thus, the
thermodynamic stability of protein is not only dependent on
the intermolecular and intramolecular interactions but on
the enthalpy and entropy of both the polypeptide chain and
solvent molecules surrounding the protein [43].

The hydrophobic side chains of the native state of a
protein are packed in hydrophobic cores and thus shielded
from water. On the other hand, the hydrophobic side chains
of the denatured state are exposed to solvent. Furthermore,
the water molecules stack around these side chains, since
they increase their hydrogen bonds with one another. This
results in lowering of the entropy of water because the
individual molecules possess less freedom of movement,
and decrease in the enthalpy as more hydrogen bonds are
generated [44]. In the same way, the donors and acceptors of
hydrogen bond in the polypeptide backbone of the denatured
protein are largely exposed to solvent and hence, bind more
water molecules [45]. Consequently, these water molecules
are released when the protein folds, and the increase in
the entropy of water balances significantly for the loss of
conformational entropy.

The atoms of the side-chains are closely packed together
in the inner core of the folded protein. This close packing of
amino acids is due to the contribution of the non covalent
interactions such as hydrogen bonding, ionic bonds, van der
Waals, and dipole-induce dipole forces and the favorable
interactions between the groups within the native state
of protein give rise to enthalpic effects [41]. The favorable
enthalpy change (AH < 0), which is associated with protein
folding is indeed dependent on these favorable interactions.
Hydrogen bonding and ionic interactions have significant
roles in the stability of the native state conformation;
however, their contribution to the free energy change is very
less. Since, all possible hydrogen bond donors and acceptors
form hydrogen bonds in a protein, whether they are in the
native or denatured states of protein [46]. In the native state,
intramolecular hydrogen bonding is dominant that leads
to stabilization of secondary structural elements, whereas
in the denatured state, mostly intermolecular hydrogen
bonding takes place, i.e., hydrogen bond formation between
amino acids residues and surrounding water molecule. The
formation of intramolecular hydrogen bondings also takes
place between the buried polar groups [47-53]. There is a
little difference between the energy of H-bonds formation,
between a C=0 and H-N or between a C=0 and water. Thus, if
intermolecular hydrogen bonding is lost, and intramolecular
hydrogen bonding is reformed, the change in enthalpy
component would be zero. Nevertheless, if the interaction
between the polar groups of protein and water is lost and
if the intramolecular hydrogen bonding does not occur,
there will be unfavorable change in enthalpy. Consequently,
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in order to stabilize the folded state, protein considerably
undergoes the formation of intramolecular hydrogen bonds
between the polar groups within the protein so as to make
it enthalpically favorable. Additionally, for the backbone
groups of protein, the formation of secondary structural
components efficiently takes control over this problem. Thus,
for the correctly folded (native) conformation, formation of
specific hydrogen bonds is essential.

Macromolecular Crowding

Most of the times, it is assumed that folding process and
structural and biophysical properties of an isolated protein
observed in dilute solutions are similar to those when it
is present in the actual cellular environment. However,
because of the presence of huge quantity of insoluble and
soluble biomolecules, which includes nucleic acid, proteins,
osmolytes, carbohydrates and ribosomes, the intracellular
environment, is highly crowded [8,54]. There is an estimate
that the macromolecular concentration in the cytoplasm
ranges between 80 and 400 mg/ml [6]. All macromolecules
present in cell interior collectively occupy 10-40% of the
total cell volume [5]. This implies that a large portion of the
intracellular space is unavailable to other macromolecules.
The term macromolecular crowding which has been coined
by Minton [55], implies the influence of steric repulsions
on particular reaction that takes place in highly crowded
environment.

Inthelate 1950’s, theimpactofmacromolecular crowding
have been identified, where investigation on the distribution
of available holes for a spherical object in a network of fibres
was presented through computing the possibility of inserting
a particle of radius ‘r’ in any point within the network [56].
Subsequently, utilizing this method with a few alterations on
the way the fibres were handled, it was found that addition
of a crowding agent to the solution increases the chemical
potential, an outcome that could be rationalized by a simple
sterictheory [57]. Butthen Mintonand Wilf[55] presented the
term “macromolecular crowding effect” to describe the effect
of a crowded condition in biological processes. Afterwards,
many researchers initiated to observe and examine the
properties of proteins and other biomolecules in the milieus
that may bear a resemblance to those present inside the cell.
The phenomenon of macromolecular crowding implies the
presence of nonspecific interactions (steric repulsion) of
molecules. The universality of this phenomenon in biological
solutions has been related to that of gravity, believing the fact
that the living organisms have to deal with its outcomes [58].
Assessing the consequences of this effect at the molecular
level could result in a deeper recognition of the physical
principles that administrate the molecular interactions in
cells. The nonspecific steric repulsion exists as the most
essential of allinteractions between the molecules in solution.
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Therefore, itis more precisely termed as the excluded volume
effect or volume exclusion when at the same instant of time,
not a portion of any two macromolecules can be at the same
position, i.e., there exists the mutual inapproachability of the
molecules in a solution [10,16,59]. Therefore, that fraction
of the total volume, which cannot be inhabited by the center
of mass of a specific molecule at particular instant of time
is known as the excluded volume, and the portion of the
total volume that can be occupied is known as the available
volume. While the part of the volume which is occupied by
macromolecules of certain size enhances, there is a rapid
decrease in the fraction of volume which is available to other
macromolecule, and hence becomes considerably less than
the volume fraction which is available to solvent i.e., water
[58]. By placing shells around the background molecules of
size is equal to the radius of the test molecule, the available
volume can be envisaged appropriately [60].

Thus, many large molecules in a cell are present in such
a way that a considerable portion of the intracellular volume
is not available to other macromolecules, thereby leading to
reduction in the available volume [61-63]. Owing to volume
exclusion, any reaction that resulted in the augmentation
of the available volume is enthused by macromolecular
crowding [16,64,65] as demonstrated in the thermodynamic
analysis of multi component systems [66]. Hence, this
macromolecular crowding phenomenon, implies the
influence of excluded volume upon the processes that occur
in crowded or immensely volume occupied medium [62].

Outcome of Macromolecular Crowding

Crowding results in volume exclusion, specific as well
as non-specific intermolecular interactions and increase
in viscosity. The various non-specific intermolecular
interactions include weak interaction such as hydrogen
bonding, van der Waals forces and weak ionic interactions
etc. Increase in viscosity does not affect thermodynamic
properties of the protein except when the system contains
a hydrophobic-hydrophilic interface [67]. However, volume
exclusion and intermolecular interactions will affect
protein thermodynamic properties by shifting the folding
equilibrium [68]. The areas where macromolecular crowding
has made significant effect are protein function, structure
and stability [69]. Theoretical and experimental studies have
shown significant effects of macromolecular crowding on the
kinetics and thermodynamics of many biomolecules [67,70-
72]. The influence of crowding on the stability of protein is
believed to arise due to two phenomena, namely, chemical
interactions and hard-core repulsion. The hard-core
repulsion is always thought to be stabilizing as it involves
only the molecular arrangements, which stabilize proteins by
increasing the entropy of the system. Molecular interaction is
thought to act enthalpically. The weak molecular interaction
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is also termed as soft interaction. The molecular interaction
is thought to be destabilizing in nature.

Volume Exclusion: Theoretical Models

The aim of our study is to investigate the consequences
of excluded volume effects on the proteins resulting from
steric repulsion. Due to the presence of large number
of macromolecules inside the cell, the effect of volume
exclusion is particularly significant in vivo and it takes
place with all macromolecules. The polymer chemist Kuhn
was the first to propose the concept of volume exclusion in
order to explicate the observation that less compaction was
shown by real polymer chains in the absence of excluded
volume effects than expected [73]. The explanation of non-
ideal gases (employing the van’t Hoff isobar) also depends
upon the concept of volume exclusion [74], which simply
says that two molecules cannot occupy the same place
at the same instant of time. The species which are non-
spherical can exhibit much larger excluded volumes than
the spherical species of the same size [7,75]. MacMillan &
Mayer investigated the related phenomenon by conducting
a theoretical modeling study testing the real fluids [76].
They computed the amount of work needed to place one
new particle into a fluid comprising a large number of other
particles. They showed that their solution depends on viral
coefficients and a certain interaction function between the
molecules. The principle constraint is that only hard core
repulsion has been used, i.e., it was assumed that the only
crowding effect is the infinite potential if the overlap distance
is more than distance between two particles. This constraint
has an advantage of modeling the whole set of possible
molecular interactions by demonstrating each particle as
a single object with a specified size and shape. Though, in
general, it is essential to acclimatize this approach to systems
comprising of various types of molecules. To deal with this
issue, the most common mode includes the application of
approximate models which are based on scaled particle
theory (SPT) [77]. Initially, this approach was developed
to depict the alterations in the activity for fluids containing
hard sphere particles [78], however, later it was expanded to
mask non-spherical particles also [79,80]. SPT is specifically
useful in order to develop theoretical understandings into
the influence of macromolecular crowding on the properties
of protein. Since proteins are polymers, the notion of volume
exclusion can include the proteins present in the solutions
consisting of large numbers of several other proteins.
Laurent and Ogston [81,82] developed one of the first
theories of this category where they learned about size
exclusion chromatography after initial analysis of the effects
of hyaluronic acid at large concentrations on the partitioning
of protein by Ogston [56,57]. In their study, the protein was
supposed to be a sphere and the dextran chromatographic
matrix was considered as an array of rods through which the
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proteins have to migrate. Subsequently, using a hard sphere
approximation, Minton developed a model of protein activity
[83]. This approximation was established on the basis of
dependence of osmotic pressure for concentrated solutions
of hemoglobin, which were presumed to act like clusters
of hard spheres that were supposed to interact with one
another only by means of hard core steric repulsion [83-85].
Afterwards, Minton described protein folding and unfolding
processes and protein association equilibria in the context
of his model, where he considered both the folded and
unfolded states of a protein as approximate hard spheres [2].
Consequently, the average extension and the representation
of the unfolded state as the hard sphere particle displays
greater volume occupation than the compact folded state.
Thus, Minton’s hard sphere model with SPT predicted
the consequence of inert and large background species on
protein folding equilibria [2,75]. It was predicted that the
process of folding in the presence of background molecules
of spherical shape bring about a non-linear rise in its
equilibrium constant. Furthermore, in order to estimate
the outcomes of crowding on protein folding equilibria, an
analogous model was applied to non-spherical objects [75].
Predictions were made by other researchers also using
similar approaches as Minton’s but those predictions were
based on distinct assumptions for the unfolded state. For
instance, a Gaussian chain model was applied by Zhou for the
unfolded state in the presence of crowders of spherical shape,
while representing the folded state as a hard sphere particle
[86]. A conversion from stabilization to destabilization
of the folded state was predicted in the presence of high
concentrations crowders using this model, since the
Gaussian chain provide accommodations for voids between
the background species [87-88]. This resulted in a weak
destabilization of the unfolded state in comparison to the
folded state. Consequently, Minton proposed an analogous
model in which the unfolded state was assumed to act like a
Gaussian cloud. It was predicted that the enlargement of the
unfolded ensemble decreases, however, no noticeable change
in the overall stabilization effect was monitored comparative
to that obtained employing the previous hard-sphere
model [64]. Thus, all of these models share a similarity that
they assume the folded state as a hard sphere, while their
representation of the unfolded state is different.

It is argued that crowder stabilizes the native state of
proteins indirectly by compacting the denatured state that
is more extended and flexible [70,87]. Macromolecular
crowding has also shown its effect by compressing the
structure of nucleic acids [88]. Hence macromolecular
crowding destabilizes the unfolded protein entropically
which shifts the equilibrium towards the folded state, which
leads to increase in stability. Le Chatelier’s principle leads us
to conclude that exclusion of volume will always favor the
native state of protein because it occupies lesser space.
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Chemical Interaction

Contrary to the above observations, a report shows that
protein when used as a crowder can destabilize another
protein [89]. Furthermore, different crowding agents may
have different effects on the same protein, e.g., stability
of apo-HLA is increased significantly by dextran 70 and
moderately by ficoll 70 while PEG significantly decreases its
stability [90]. There has been report that PEG binds to human
serum albumin resulting in decrease of its a-helical content
while increasing the -turn content [91], and presence of PEG
results in loss of secondary structure of thiol protease [92].
It has also been observed that PEG interacts with lysozyme,
ribonuclease A, lactoglobulin, bovine serum albumin and
chymotrypsinogen A resulting in their destabilization [93].
Crowders such as PEG and ficoll 70 destabilize ubiquitin
and myoglobin [69,94]. It is not that PEG always destabilizes
proteins; it has been observed that PEG can stabilize protein
such as a-chymotrypsin [95]. The mechanism of action of
synthetic crowders has been disagreed owing to a few studies,
which implied that synthetic crowders such as dextran, ficoll
70and polyvinyl pyrrolidone showed combined effect of steric
and molecular interaction on proteins such as CI2, ubiquitin
and SOD [96-98]. Molecular or enthalpic interactions can
be unfavorable or favorable towards protein stability. If the
interaction is non-specific, it will dominate in the unfolded
state of protein and thus destabilize it. As a result interaction
will counteract the “excluded volume effect” which results
in no or even destabilizing effect on protein stability [16]. It
is very obvious that soft interactions are always present in
the cell interior, since proteins have several exposed charged
residues. In fact, interactions between proteins are present
to assist an extracellular level of organization [99], however,
these softinteractions are often ignored when protein folding
is studied in the light of macromolecular crowding [100].
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