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Introduction

Introduction

Proteins are major biomacromolecules necessary for carrying out various
physiological functions. They are the polypeptides with characteristic sequence of amino
acid residues which fold to acquire a unique three dimensional conformation to perform a
given function. For proteins to be physiologically functional they must be properly folded
to attain this unique conformation called native conformation which must be stable
enough in the given condition to discriminate it thermodynamically from other possible
conformations. The kinetically controlled former process is called protein folding and the
latter is referred as protein stability. Both protein folding and stability is due to an
interplay of weak non-covalent interactions to first bring the unfolded polypeptide chain
to folded native conformation and then to maintain it’s nativity in variable conditions in
order for the protein to remain functional. A slight alteration in these weak interactions
may lead to the unfolded polypeptide getting misfolded to a non native conformation. On
the other hand, altered interactions may not interfere with critical interactions for protein
folding and instead might only interfere with interactions necessary to keep protein
kinetically stable. Thus the folded protein though is able to attain its almost native
structure but is not stable enough and is prone to undesirable changes like truncation or

aggregation.

Forces determining protein stability

Free energy of stabilization of globular proteins in solution is only 5 to 10
kcal/mol which is equivalent to only a few weak intermolecular interactions (Dill, 1990).
Thus, the folded conformations are only marginally stable than unfolded, biologically
inactive conformations under physiological conditions. This small net conformational
stability is the result of much larger contributions from several important forces. The
major destabilizing force is the conformational entropy (Pace, 1990). The entropy of an
unfolded protein is large because rotation around the bonds in the polypeptide backbone
and the side chains is less restricted than in a folded protein. Other major contributing

forces are hydrogen bonding and the hydrophobic effect.
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a) Hydrogen bonds

Hydrogen bonds form between an electronegative atom with a covalently bound
hydrogen, DH (the donor), and another electronegative atom, A (the acceptor). When DH
and A form a hydrogen bond, their electronic structure is perturbed very little compared
to the changes that accompany covalent bond formation. In proteins, the electronegative
atoms of most importance are 0 and N; the hydrogen bond of most importance is that
between the amide hydrogen and the carbonyl oxygen in a peptide group. These
hydrogen bonds make up 68% of the hydrogen bonds that occur in globular proteins
(Stickle et al.,, 1992) art from it there also exist backbone-side-chain, side-chain-
backbone, and side-chain-side-chain donor-acceptor contributions. Out of this side-chain-
side-chain hydrogen bonding is believed to play a major role in stabilizing proteins.
(Ragone, 2001). The driving force in folding was initially thought to be this
intramolecular hydrogen bonding (Pauling et al., 1951), then the hydrophobic effect
(Kauzmann, 1959). In recent times, it has been argued that intramolecular hydrogen
bonding is destabilizing (Dill, 1990; Honig & Yang, 1995), partially stabilizing and
destabilizing (Honig, 1999) and once again, an important driving force (Takano et al.,
2003; Pace et al., 2004). During the past two decades, the advent of protein engineering
brought a hope that the newfound ability to introduce site directed mutants at will would
provide ready answers to such unresolved questions (Oxender and Fox, 1987). The goal
of studying hydrogen bonding mutants is to learn how much stability is gained when a
polar group that is hydrogen-bonded to water in the unfolded state is dehydrated to form
a specific intramolecular hydrogen bond in the folded state. The most common approach
has been to replace a side chain involved in a hydrogen bond, such as Asn, with a side
chain that cannot form a hydrogen bond, such as Ala (Serrano et al., 1992; Shirley et al.,
1992; Green et al., 1992). These studies point out that a folded protein loses stability by
burying polar groups but gains it back by forming hydrogen bonds. However, despite
thousands of mutational experiments, disagreement about the energetic role of hydrogen
bonding still remains.

Studies investigating influence of hydrogen bonds on packing density suggested
that hydrogen bonds may contribute to protein stability, in part, by increasing packing

density in the protein interior, and thereby increasing the contribution of van der Waals
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interactions to protein stability (Schell et al., 2006). Molecular dynamics simulation
studies dealing with thermodynamics of hydrogen bond breaking and formation in
solutions of alcohol show that free energy of hydrogen bond formation is essentially
independent of the environment (around 5 kJ/mol), suggesting that buried hydrogen
bonds (e.g., in proteins) do not contribute significantly to protein stability (Spoel et al.,
2006). On the other hand studies exploring the contribution of hydrogen bond reveal that
H-bond strength varies from one protein to another stabilizing in one and destabising in
the other and presumably at different sites within the same protein (Shi et al., 2002).
These studies suggest that contribution that polar groups make to protein stability
depends strongly on their environment (Takano et al., 2003).

b) Electrostatic interactions

Specific interactions in proteins are largely electrostatic and are important in
protein folding, stability, flexibility, and function. Different conformations adopted by
protein in varying conditions can have electrostatic interactions contributing favorably or
nonfavorably (Kumar & Nussinov, 2002; Matousek et al., 2007). Electrostatic
interactions in the Denatured states can include specific non-native interactions that can
even persist in the transition state for protein folding. These electrostatic interactions can
be energetically significant and their modulation either by mutation or by varying
solution conditions can have a major impact upon protein stability (Cho et al., 2008).
There exist both close-range electrostatic interactions (salt bridges) and the long range
electrostatic interactions in proteins. Salt bridges are formed by spatially proximal pairs
of oppositely charged residues in native protein structures. A single salt bridge can
contribute up to 3-5 kcal/mol to the free energy of protein folding (Anderson et al.,
1990). Often salt-bridging residues are also close in the protein sequence and fall in the
same secondary structural element. Salt bridges are rarely found across protein parts
which are joined by flexible hinges, a fact suggesting that salt bridges constrain flexibility
and motion. Recent computational and experimental evidence shows that salt bridges can
be stabilizing (Permyakov et al., 2005; Ibarra-Molero et al., 2004) or destabilizing
(Hendsch and Tidor 1994). Salt bridges are also reported to effect folding kinetics in a

context dependent way (Ibarra-Molero et al., 2004). Structural and thermodynamic
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comparisons of thermophilic and mesophilic proteins indicate that salt bridges contribute
to reduced heat capacity change of unfolding (Lee et al., 2005). They can thus contribute
significantly towards the thermophilic-mesophilic protein stability differential (Kumar &
Nussinov, 2002; Nakamura, 1996) as salt bridge networks could accommodate
stochastically the disorder of increased thermal motion to produce thermal stability
(Missimer et al., 2007).

Long range electrostatic interactions can be both repulsive and attractive in nature
also play important role in determining protein stability (Pace et al., 2000; Grimsley et
al., 1999). Favorable long-range electrostatic interactions when present in denatured state
lead to compaction of unfolded polypeptide chain thus reducing the net contribution of
electrostatic interactions to protein stability (Funahashi et al., 2003) and may bring down
the overall stability of the protein owing to the changes in the long-range electrostatic
interactions. Long range interactions may also be sometimes insignificant in determining
protein stability (Sun et al., 1991) while can be very critical in determining the protein
dynamics (Fadrna et al., 2005) and meanwhile can also influence protein-protein

interactions (Ramirez-Carrozzi & Kerppola, 2001).

¢) Hydrophobic effect

The burial of hydrophobic residues is considered to be the major driving force for
protein folding and stability (Dill, 1990; Rose et al., 1985; Nakai et al., 1988; Shortle &
Meeker, 1986; Kellis et al., 1988, 1989; Alber and Matthews, 1987; Yutani et al., 1987,
Matsumura et al., 1988; Shortle et al., 1990; Sandberg & Terwilliger, 1991). First one is
to calculate the hydrophobicity scale of individual residues based on their transfer free
energy from water to organic solvents like n-octanol (Herrmann et al., 1995), N-
methylacetamide (Roseman, 1988) and cyclohexane (Lomize et al., 2002) assuming the
solvent to mimic the folded protein’s interior. Studies with octanol provide reasonable
transfer free energy AGtr values for the peptide groups and amino acid side chains to
estimate the contribution of the groups buried in folding to protein stability. The other
method uses site-directed mutagenesis as a tool to investigate the forces that stabilize
proteins focused on the hydrophobic effect. The approach has been to replace one

hydrophobic side chain with another and measure A(AG). To minimize the contribution
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of steric strain, mutants are created to have a smaller side chain replacing the larger one.
Many such studies on proteins like tryptophan synthase (Yutani et al., 1987), T4
lysozyme, barnase (Golovonov et al., 2000), staphyloccocal nuclease (Chen et al., 2004),
gene 5 protein from bacteriophage @ (Zhang et al., 1996) and chymotrypsin inhibitor 2
(Ahmed et al., 2008) have been reported. Other studies deal with core packing and strain
to assess the effect of adding larger hydrophobic residues to the interior of globular
proteins (Lim et al., 1994). A(AG) values for hydrophobic mutants increase with the
amount of nonpolar surface area buried, as expected. In order to compare the
hydrophobic substitutions at the same accessibility the measured A(AG) values have been
divided by the fraction buried for the side chain in the wild-type protein so that the A(AG)
values are compared at the same accessibility, namely, 100% buried. In reality burial
doesn’t happen to be 100% and cavities are formed due to non sufficient van der Walls
interactions to fill the cavity formed completely which leads to an overestimated A(AG)
values (Yamada et al., 1994) by ~0.11 kcal/mol (Ratnaparkhi & Varadarajan, 2000)
Moreover recent studies on protein stability in HO and D,O (Efimova et al., 2007)
establishes the importance of hydrophobic effect as D,0 is a poorer solvent for non polar
amino acids than H,O implying that larger and efficient packing of the hydrophobic core
in D,0 leads to enhanced stability.

Thermodynamics of protein stability

The conformational stability of a protein is defined as the free energy change, AG,
for the reaction folded to unfolded under physiological conditions. The equilibrium
between the two states can be represented as

NeD

and conformational stability of a protein can be described as

AG = AG p- AG x = -RT InK = -RT In[D}/[N]
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where [D] and [N] represent the concentrations of denatured (D) and native (N) states,
AG p and AG y represent the free energies of D and N, and K and AG are the equilibrium
constant and standard free energy change, respectively. The folding—denaturing transition
in proteins is a highly cooperative process. In certain cases, as a rule for smaller proteins,
it suffices to describe this transition within a 2-state approach involving the native state N
and the denatured state D, only.

Since there are multiple perturbation modes to induce the transition, AG is a
multidimensional function of all the parameters which can independently be varied in an

experiment, e.g. temperature T, pressure P, cosolvent x, concentration of cosolvent Cx,

pH, etc.:
AG=AG®+f (T, P, Cx, pH,...)

AG® depends on the reference state only, hence, is, for a transformation under fixed
conditions, a constant. The function f contains all the system parameters which
characterize the denaturing transition of a protein in a given solvent, e.g. the changes in
entropy, volume compressibility, specific heat, thermal expansion, etc. Keeping all
solvent associated parameters constant and considering variation in P and T only, since
the transition is characterized by a latent heat, it is of 1st order, and, consequently, is

governed by the Clausius—Clapeyron equation
dP/dT= AS/AV

AS and AV are the entropy and volume changes associated with the transition. Both
quantities depend on the actual pressure P and temperature T where the transition takes
place. The boundaries of the stability phase diagram, i.e. the area in a pressure-
temperature plane where the protein is stable in its native state, can then be determined
from a solution of this equation. The first derivatives of the volume with respect to

pressure and temperature, namely

Br = (8V /8P)r and o*=(5V /5T)p,
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the absolute changes of the volume with pressure and temperature, are closely related to
the compressibility and the thermal expansion of the protein, respectively. Likewise, the
derivatives of the entropy with respect to pressure and temperature are associated with
the thermal expansion and with the specific heat capacity Cp=T(8S /3T)p, respectively.
These are system parameters which are assumed to be roughly independent on pressure
and temperature and therefore 8S and 6V depend only linearly on T and P, and, hence,
the equation can easily be integrated. The result is a general 2nd order curve in P and T

whose shape may be elliptic, parabolic or hyperbolic:
aP? + bT? + 2cPT + 2f P + 2gT + const = 0

thus derived coefficients a, b, c, etc. are related to the changes of the system parameters
along the transition (Scharnagl et al., 2005), namely to ABt, Aa, ACp, and to ASp and

AV, the entropy and volume change at the reference pressure and temperature (PO, T0).

Factors affecting protein stability
a) Effect of temperature

High temperature induces denaturing transition accompanying the conversion of
structured protein to random coil form with solvation of hydrophobic amino acids. As a
consequence, water solvating hydrophobic molecules forms locally ordered structures
which have low entropy and low enthalpy due to well aligned hydrogen bonds in them
(Kim et al., 2005;). As melting of these structures requires energy, temperature induced
protein denaturation is accompanied by an increase in specific heat. Accordingly, the

change of the specific heat, ACp associated with the temperature induced transition
ACp =Cpp-Cpn;

is generally positive (Griko and Privalov, 1992). As long as ACp remains positive the

complete solvation of hydrophobic core of the protein interior does not happen due to still
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remaining structure and therefore the difference in enthalpy, AH, between the native and

the denatured state keep on increasing as the temperature is raised, according to
AH (T) =H (T1) + ACp [T-T1]

Meanwhile the respective difference in entropy, AS, also increases, since the
conformational ordering melts away with the increasing temperature. At some critical
temperature T =Ty, the enthalpic term, AH, and the entropic term, -TAS, cancel,
rendering a free energy change AG of zero. At this temperature Tm, energetically more
favorable denatured state the transition to the denatured state takes place because it is
energetically more favorable (Trefethen et al., 2005; Schoeffler, 2004)

Protein stability is optimum at a certain temperature and increasing or decreasing
from this temperature leads to reduced stability and thus like high temperature induced
denaturation proteins re also subjected towards cold denaturation i.e. at lower
temperatures. Lowering the temperature decreases the enthalpy term so that it eventually
becomes negative and may compensate the entropy term, TAS, which is positive due to
decreasing entropy. The actual transition temperatures into the denatured state depend of
course on pressure: High pressure at low temperature may destabilize the locally ordered
structures (Cai et al., 2005) because it counteracts an optimum alignment of the hydrogen
bonds. However, in the low pressure, high temperature regime, pressure may stabilize the

respective structures to some extent (Marques et al., 2003)

b) Effect of pressure

It has been shown in numerous studies that hydrostatic pressure may lead to
disruption of the intermolecular forces maintaining native protein structure, which is
accompanied by a decrease in the volume of the protein—water system, and simultaneous
unfolding. In part, this is explained by the fact that more water molecules can fill in the
protein’s void volumes when they become accessible to solvent upon dissociation. This
results in a total volume contraction and is favoured under high pressure (Gross &
Jaenicke 1994; Mozhaev et al., 1996; Silva et al., 1992; Royer 2002). Moreover, solvent-

exposure of charged groups that have been involved in stabilization of protein assemblies
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(as salt bridges) also contributes to the overall volume reduction through the so-called
electrostriction effect, which consists in a tightly ordered arrangement of the solvent
dipolar molecules around charged solutes. Another important, yet still debated
(Boonyaratanakornkit et al., 2002), factor contributing to the pressure effect on
polypeptide assemblies stems from the hydration of hydrophobic residues under high
pressure (e.g. hydration volumes of model hydrocarbons such as benzene or methane are
negative (Gross & Jaenicke 1994). Pressure denaturation studies provide a fundamental
thermodynamic parameter for protein unfolding, the AV® in addition to being an
alternative method for perturbing the folded state, and thus elucidating its stability.
Denaturation of proteins is usually studied at atmospheric pressure using high
temperature, guanidinium hydrochloride or urea as denaturants. Interpretation of the
results obtained using such methods may be complicated by the following: (i) varying the
temperature changes both the volume and the thermal energy of the system at the same
time and (ii) the thermodynamic parameters of denaturation by guanidinium chloride or
urea are influenced by the binding of these molecules to proteins. The use of pressure is
also advantageous from the fact that it is a rather mild denaturing agent and from
methodological points of view: the transition to native conditions (renaturation) is
achieved simply by releasing the pressure. Furthermore, the effects of pressure on
proteins are generally found to be reversible, and seldom are they accompanied by
aggregation or changes in covalent structure.

Also with respect to the kinetics of the folding reaction, pressure studies are of
particular use, as they allow to evaluate the volume profile during the folding process and
to characterize the nature of the barrier to folding or unfolding and the corresponding
transition state. Moreover, pressure studies present an important advantage due to the
positive activation volume for folding, the result of which is to slow-down folding
substantially, in turn allowing for relatively straightforward measurements of structural
order parameters characteristic for folding intermediate states, which are difficult or even
impossible to quantify on much faster time-scales corresponding to ambient pressure
conditions.

AG=AGp-AGy, the free energy change associated with protein denaturation,

becomes lower as pressure is increased, at least above some threshold pressure. AG (T) =

10
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AG (T1) + AV [P-P1]. AV =Vp-Vy is the volume change in going from the native to the
denatured state. As a rule, AV is negative because the structure of the native state has
voids, for instance in the protein pockets, which are squeezed away in the denatured state
so that its volume is smaller and, hence, the transition into the denatured state becomes
favored under high pressure. In the low pressure, high temperature regime AV can also be
positive. Increasing the pressure up to some critical level P=Py, the protein may
eventually cross the boundary AG=0, and the transition to the denatured state takes place.
The respective transition at low pressure is less straightforward to understand. First of all,
we note that, in a large temperature range, the low pressure denaturation regime would
require negative pressure, a condition which has, so far, not been realized experimentally.
Accordingly, low pressure denaturation can experimentally be investigated in a rather
limited temperature range only, for instance at high temperature. There is indeed a
temperature range in which high pressure leads to a stabilization of the native state, and,
consequently, low pressure to a destabilization associated with denaturation. High
pressure protein stabilization takes place in a range where the change Apr= -(8AV /AP)T
is negative meaning that the denatured state is less compressed than the native state. If so,
AV =Vp-Vy will be positive and, since higher pressure stabilizes the smaller volume, the
native state is favored. The question, however, what determines the temperature—
pressure range with a negative APr, remains to be answered. At rather high pressure (i.e.
outside this range) the denatured state is far from being a random coil state. It is plausible
that unfolding to a random coil against high pressure is severely hindered. Instead, the
high pressure denatured state is still kind of a globular state where the voids in the protein
are squeezed to a high degree so that Vp<Vn. On the other hand, in the lower pressure
range and at sufficiently high temperature, unfolding to a random coil like state is still
possible. Accordingly, the protein acquires a larger surface and, concomitantly, a larger
volume. In addition, compression is much harder than in the native state because the
compressible voids have vanished and the hydration shell is harder to compress than bulk

water due to the ordered structures induced by the hydrophobic amino acids.
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¢) Effect of pH

Variation in pH causes changes in ionization status of titratable groups altering
electrostatic interaction. The pH dependence of the thermodynamic stability (AG (F-U))
of a protein arises as a consequence of differential pK(a) values between folded (F) and
unfolded states(U). A significant component of the free energy difference between native
and denatured states is due to a small number of amino acids whose pKas are shifted
anomalously in the native protein (Pace et al., 1990; Yang and Honig, 1993; Yang et al.,
1992, Hu et al., 1992). General shifts of side-chain pK, values in unfolded states to lower
than standard pK, values (by 0.3-0.4 pH units on average) have also been predicted,
pointing toward the presence of stabilizing electrostatic interactions within unfolded
states of proteins under non-denaturing conditions (Elcock, 1999; Tan et al., 1995) Other
than this changes in pH also changes the overall net charge on the protein. When proteins
possess both positively and negatively charged groups (e.g., at pH values close to the pI),
anisotropic charge distribution on the protein surface could give rise to dipoles. In such
cases, protein—protein interactions could be highly attractive, making assembly processes
such as aggregation energetically favorable. Thus pH plays an essential role in
determining protein stability.

The unfolding free energy, AGry, can be calculated at any pH (Tollinger et al.,
2003) as

AGFy = -.--m*z-n(z UH,,) Z FH.,,)
m=0 m=0

where [UH,,] and [FH,,] represent sums of concentrations corresponding to the binding of
m protons to / binding sites for protons (ionizable groups) in the unfolded and folded
states, respectively, R is the universal gas constant, and 7 is the temperature. AGry can be
separated into a pH-independent term, AGFr (representing non-electrostatic contributions
to AGry, as well as electrostatic contributions at a pH where all ionizable sites i are

protonated in both states), and terms related to protonation/deprotonation equilibria

involving individual ionizable groups, AG’L’%(i) (representing the pH dependence of the
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contribution of proton binding at site i to the overall AGry) as
AGry = AGY;+Y AGRL().

Assuming an equilibrium between four species (folded and unfolded state, protonated,

and deprotonated) at each site i, individual, pH-dependent values of AG'})’"{'(I') can be

calculated for each group as

o (HHKEG)
acH ) = Arin( gy )

where K< (i) and K« (i) are the ionization constants for group i in the unfolded and folded

state, respectively. The maximum of AG%(i) between very high pH where both states are

fully deprotonated and very low pH where both states are fully protonated is given by
AGH mas(i) = 2.303RT+{pK: (i) — pKi(i)}. Relative values of the pH dependence of the

thermodynamic stability for a system containing multiple (i) ionizable groups can be
calculated by summation as E,-AG%(I’). The calculations above provide a simple means
to dissect the pH dependence of AGry into additive contributions due to individual
ionizable groups.

Above calculations do not include conformational adaptations in response to
changes in the ionization state which tend to complicate the calculations of changes in
stability as a function of pH and therefore this kind of changes must be taken into account

before proceeding with the calculations.

d) Effect of ionic strength

Ionic strength of the solutions determines protein stability by multiple
mechanisms e.g., the Hofmeister effect (Toth et al., 2008; Zhou, 2005; Cacace et al.,
1997), preferential hydration (Hong et al., 2004; Wright et al., 2002, Arakawa and
Timasheff, 1984), electrostatic effects and weak ion binding (Ramos and Baldwin, 2002;
Maldonado et al., 2002; Nishimura et al., 2001). Combination of all these effects

complicates the interpretation of salt effects. Ions in some cases may stabilize proteins by
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high affinity binding to specific sites. While the ligand induced stabilization is ion-
specific and usually observed in the low salt concentration range, bulk ionic strength
effects play a role in screening surface charge—charge interactions. Hofmeister effects,
which occur at still higher salt concentrations, may strengthen the hydrophobic force by
increasing the surface tension of the solvent, or stabilize peptide dipoles through specific
ionic interactions. Recent results suggest that the efficiency of different salts to screen
charge-charge interactions correlates with their denaturing strength and with the position
of the constituent ions in the Hofmeister rankings (Perez-Jimenez et al., 2004). In the
absence of site-specific ion binding, differential salt effects in reflect primarily
differences in Coulombic interactions, e.g. between natural or designed variants of a
protein. The Hofmeister effects that occur in parallel are usually insensitive to local
changes in amino acid sequence. All these various mechanisms can affect the stability of
both the native state and the unfolded state (Pradeep and Udgaonkar, 2004).

Charges can be shielded by counter ions which are present in solvent surrounding
and thus ionic cosolvents can regulate the electrostatic interactions on the protein surface.
But the effect by these ions are highly context dependent as surface charges which are
involved in thermodynamically stabilizing the protein shielding of which can lead to
destabilization. On the contrary shielding of surface charges which are repulsive to other
surface charges in the closer vicinity can lead to further stabilization of the protein. Also
at high temperatures dielectric constant of water decreases which gives higher impact to
electrostatic interactions. Thus at higher temperatures, high solvent ionic strength acts
against repulsive surface interactions helping in protein stability while further destabilize
proteins if the surface charges are attractive and protein stabilizing like in salt bridges.
Because pH determines the type, total, and distribution of charges in a protein, salt-
binding effects may be strongly pH dependent. High ionic strength can also facilitate
charge shielding of repulsive interactions at pH<<<pl and at pH>>>pl but would
otherwise counter attractive salt bridging at pH=pI.

At low concentrations, the predominant effect of ions in solution results from
charge shielding, which reduces electrostatic interactions. However, at high
concentrations of certain salts, in addition to charge-shielding effects, preferential binding

of ions to the protein surface can result in a decrease in thermodynamic stability of the
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native conformation and an increase in equilibrium solubility (Mertz and Leikin, 2004;
Arakawa and Timasheff, 1984). Other salts that are preferentially excluded from protein
surface show stabilizing or salting-out effects (Zhou, 2005).

With the addition of salt, the electrostatic interactions will be shielded and the
pKa values can show shift from their normal expected values (Lindman et al., 2007).
These shifts together with other salt mediated effects can even account for concentration
dependent differential and anomalous salt effects as the net effect on protein stability is
determined by alteration in intensity of different protein-salt interactions (Spencer et al.,
2005). Thus salts affect protein stability by modifying the ionic strength of the solution,
which overall can be slightly stabilizing or destabilizing depending on the nature of the

specific charge distribution within the protein.

¢) Effect of solvent environment

Since the stability of proteins results from a large number of counteracting
enthalpic and entropic contributions which favor the folded state as compared to the
unfolded state only marginally, it is clear that changes in the interactions of the protein
with the solvent, for instance by adding a cosolvent, may have a severe influence on
protein stability. The nature and the magnitude of the individual contributions of the
protein solvent interactions to the free energies Gp and Gy of the respective states of the
protein (denatured, D or native, N) are highly dependent on the solvent environment.
Since water is the environment in which proteins exist and operate, the structure and
dynamics of the hydration water is directly linked to protein flexibility and stability
(Cioni et al.,, 2005; Soares et al., 2003). Consequently, chemical denaturants and
cosolvents which change the properties of the hydration water can readily alter the
equilibrium between different conformational ensembles. Free energy of transfer of
amino acids from vacuum to water varies from that from vacuum to a different solvent.
Thus free energy of individual amino acids differs in varying solvent conditions and
along changes the thermodynamic stability of proteins comprising these amino acid
residues (Pace et al., 2004). Accordingly, changing the chemical potential of the solvent
by changing the concentration of cosolvents and/or denaturants provides a valuable tool

for probing protein stability and protein—water interaction. For example, the addition of

15



HIUYuucLIuL

glycerol to a solution of a native state protein leads to changes in structure and dynamics
as reflected, for instance, in changes of volumes and compressibilities (Almagor et al.,
1998; Priev et al., 1996).

The mechanisms of the cosolvent—protein interaction include following
possibilities: (1) direct contact interaction of cosolvent molecules with the protein; (2)
indirect effects via the perturbation of the hydration layer; (3) combination of (1) and (2),
a disruption of the water structure in the hydration shell, so that water molecules are
released and enable a direct interaction of cosolvent molecules with protein groups. Thus
compatible cosolvents are those which do not disturb protein functionality, while
noncompatible cosolvents, e.g. denaturants like urea, guanidinium hydrochloride,
alcohols, etc. tend to induce a disruption of protein structure. There can be another
category of molecules which tend to compensate and counter action of non-compatible
cosolutes and stabilize the folded form against denaturation under external stress
(examples are sugars, polyols, monomeric amino acids and methylamines). These are the
osmolytes which are able to stabilize cells in vivo against dehydrating stress (e.g.
salinity) and/or volume changes by maintaining an osmotic equilibrium. Some of the
cosolvents called chaotrops are also known for disordering the water structure while
some others known as kosmpotrops are known to induce disorder in the water structure
whereas the so-called kosmotrops induce order. Due to the close relation between the
structure of water and protein stability the coordination of water molecules by cosolvent
molecules does have a significant influence on protein stability.

Combined effect of all these factors of solvent interaction however is also
dependent strongly on the surface topology of the protein and the structure of the

hydration shell as well as on the concentration of the cosolvent.

Protein folding

The protein folding problem is widely recognized as a challenge to investigators
engaged in biological research at molecular level for previous many decades (Basharov,
2003). It is formulated simply as either how does a polypeptide chain fold to the native
protein, or how does the amino-acid sequence specify unique three dimensional structure

of the protein. A number of phenomenological models is proposed for the mechanism of
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protein folding, such as the framework (Lin and Chang, 2007; White et al., 2005, Santra
et al., 2004), diffusion-collision (Zhang et al., 2005; Myers and Oas, 2001), nucleated
collapse (Djikaev, 2007; Kuo et al., 2005; Guo and Thirumalai et al., 1997; Dagget et al.,
1996; Moult and Unger, 1991), hierarchic (Compiani et al., 2004; Tiana et al., 2003;
Chakraborthy and Peng, 2000), and so on models (Zhou and Karplus, 1999;). Different
theories and several course grained (Lu and Liu, 2008; Cecconi at al., 2008; Cho et al.,
2008) and lattice models (Wang and Klimov, 2008; Cellmer et al., 2005, Skolnick and
Kolinski, 1991) have been proposed based on the considerations of statistical physics and
mathematical statistics to describe protein folding process.

The protein folding problem is three different problems: the folding code—the
thermodynamic question of how a native structure results from the interatomic forces
acting on an amino acid sequence; protein structure prediction — the computational
problem of how to predict the native structure of a protein from its amino acid sequence
and folding speed (Levinthal’s paradox) - the kinetic question of how a protein can fold
so fast.

The hydrophobic interaction was believed to be a dominant component to the
folding code that the folding code is distributed both locally and non-locally in the
sequence, and that native secondary structures are more a consequence than a cause of
folding forces. Much of the current trends in deciphering the folding code include use of
purely physics-based methods, without knowledge derived from databases (such as
statistical energy functions or secondary structure predictors), to explore native structures
and folding processes. Advantages of these physics based approaches would be the
ability to predict conformational changes, such as induced fit, a common and important
unsolved problem in computational drug discovery; the ability to understand protein
mechanisms, motions, folding processes, conformational transitions etc. However
physics-based methods are currently limited by some inaccuracies in the force-fields and
by huge computational requirements. Continuous experimental supplementation therefore
is needed to upgrade these theoretical inaccuracies in order to improve predictions. The
question of folding mechanism has driven major advances in folding experiments. Key
advances include ability to measure folding events on timescales faster than a few

milliseconds and to monitor individual chain monomers during folding. All these
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developments were complemented by fast laser temperature-jump methods (Nguyen et
al., 2003); mutational methods that give quantities called ® values, which can identify
those amino acids that control the folding speed; FRET methods that can watch the
formation of particular contacts (Haas, 2005, Deniz et al., 2000); hydrogen exchange
methods that see structural folding events (Zhou et al., 2006; Maity et al., 2004, Gorski et
al.,, 2004); and extensive studies on model proteins, including cytochrome c,
chymotrypsin inhibitor 2, barnase, apomyoglobin, src, fyn SH3 domains, proteins L and
G, WW domains etc. These studies have led to the revelation that protein folding speeds,
which vary over more than eight orders of magnitude, correlate with the topology of the
native protein. Fast folders have mostly local structures like helices and tight turns,
whereas slow folders, though not always, usually have more non-local structure, such as

B sheets (Silva et al., 2005; Shea et al., 2002).

Protein destabilization, misfolding and aggregation

Interest in the problem of protein destabilization or misfolding and aggregation
has increased in recent years due to sharp rise in the number and volume of therapeutic
proteins produced commercially and the recognition of the central role of protein
aggregates in degenerative diseases.

Nonnative protein aggregation describes the assembly from initially native, folded
proteins of aggregates containing nonnative protein structures (Chi et al., 2003).
Aggregation is often irreversible. Protein aggregation behaviors such as onset,
aggregation rate, and the final morphology of the aggregated state (i.e., amorphous
precipitates or fibrils) have been found to depend strongly on the properties of a protein’s
solution environment, such as temperature, pH, salt type, salt concentration, cosolutes,
preservatives, and surfactants (Campioni et al., 2008; Nielsen et al., 2007; Sasahara et al.,
2007; Chi et al., 2003; Manno et al., 2004) as well as the relative intrinsic thermodynamic
stability of the native state (Galka et al., 2008; Scharnagl et al., 2005; Hill et al., 2005,
Minton, 2000).

The reaction order for the rate-limiting step determines the apparent order of the
aggregation reaction (Chi et al., 2003). A number of proteins have been found to follow

first order aggregation kinetics (Golub et al., 2008; Hoiberg-Nielsen et al., 2006; Weijers,
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2003), suggesting that the rate-limiting step is unimolecular (e.g., a conformational
change) but some of the molecules like rhG-CSF show bimolecular reaction following a
second-order reaction limited by collision frequency which shows that protein
conformation alone cannot explain the aggregation behaviors. The aggregation transition
states of some proteins have been identified as a structurally expanded species within the
protein native state ensemble (Clark, 2005; Chi et al., 2003).

Protein molecules also assemble to form higher order aggregates. Molecular
assembly processes occur as a result of attractive intermolecular interactions (Chi et al.,
2003). Thus, an understanding of protein aggregation also requires information about the
nature and magnitude of these interactions. The osmotic second virial coefficient (B22) is
a thermodynamic solution parameter that directly quantifies overall protein— protein
interactions on the molecular level. Positive B22 values indicate the overall dominance of
repulsive forces between protein molecules, where protein—solvent interactions are
favored over protein— protein interactions. Negative B22 values reflect overall attractive
forces between proteins, with protein—protein interactions being favored over protein—
solvent interactions (Sinibaldi et al., 2008; Winzor et al., 2007). Morphology of the solid
phases formed are predominantly determined by the mechanisms of molecular approach,
reorientation, and incorporation of native proteins, which are governed by the strength
and range of protein colloidal interactions (Hoyer et al., 2004). Protein stability and
aggregation is therefore controlled by both conformational stability and colloidal
stability, and, depending on the solution conditions, either could be rate limiting. To
successfully stabilize protein against aggregation, solution conditions need to be chosen
not only to stabilize the protein native conformation but also to stabilize protein against
attractive intermolecular forces.

Proteins are only marginally stable and are highly susceptible to both chemical
and physical degradation. Chemical degradation refers to modifications involving
covalent bonds, such as deamidation oxidation, and disulfide bond shuffling (Chi et al.,
2003; Hau et al., 2002 Reubsact et al., 1998). Physical degradation includes protein
unfolding, undesirable adsorption to surfaces, and aggregation (Bolanos-Garcia, 2008 ;
Schmitt et al., 2007). Nonnative aggregation is particularly problematic because it is

encountered routinely during refolding, purification, sterilization, shipping, and storage
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processes. Aggregation can occur even under solution conditions where the protein native
state is highly thermodynamically favored and in the absence of stresses. Partially
unfolded states however adopt a collapsed conformation that is more compact than the
unfolded state and has substantial secondary structure and little tertiary structure, have
large patches of contiguous surface hydrophobicity and are much more prone to
aggregation therefore than both native and completely unfolded conformations (Fink,
1995). There exists an ensemble of native substates with a distribution of structural
expansion and compaction. Kendrick et al. showed that the aggregation of rhIFN-y
proceeds through a transiently expanded conformational species within the native state
ensemble (Kendrick et al., 1998).

Outstanding progress has been made in the development of therapeutic strategies
targeting these diseases. Three promising approaches (Rochet, 2007) include: (1)
inhibiting protein aggregation with peptides or small molecules identified via structure-
based drug design or high-throughput screening; (2) interfering with post-translational
modifications that stimulate protein misfolding and aggregation; and (3) up regulating
molecular chaperones or aggregate-clearance mechanisms. Ultimately, drug
combinations that capitalise on more than one therapeutic strategy will constitute the

most effective treatment for patients with these devastating illnesses.

How do cosolvents affect protein stability, dynamics, folding and
aggregation ?

Effect of cosolvents on protein stability

Thermodynamic description for a ternary solution can be described with
components water (w), cosolvent (x) and protein (p). The corresponding concentrations
of the solutes are ny and ny, respectively (Scharnagl et al., 2005). Each component is
characterized by the respective chemical potential p; = pP+RTIn(cing) (i =w, x, p) with
activity coefficient ¢; and standard chemical potential ;. The protein is present at infinite
dilution, hence, ¢,=1. Nonideal behavior arises due to the dependence of the standard

states of cosolvent and protein on the concentration of the cosolvent.
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Fig. 1. Relative Gibbs energy (AG) diagram for native (N) and
denatured (D) states, from water (W) to osmolyte (O) solu-
tion.

Cosolvent-induced effects on protein stability manifest themselves through
changes in the free energy of the solvated protein. The change in protein stability can be
related to the changes in the concentration of the components of the solvent around the
protein. A change in the number of water and cosolvent molecules in the protein phase
results from the interaction with the protein (either direct or indirect). This may lead to an
excess population of one sort of molecules in the vicinity of the protein compared to the
reference phase. Possible interaction mechanisms are (i) association of cosolvent
molecules with the protein eventually in competition with water; (ii) inaccessibility of the
protein to a specific cosolvent molecule due to steric reasons; (iii) solvent reorganization.
Thereby, the range of influence of the protein on the local solvent composition does not
only include directly bound molecules. Due to long-range interactions, the influence
extends over several layers of waters. Cosolvent can penetrate into the solvation shell and
exchange with water and hence, C,x has contributions from both water and cosolvent
affinities. The addition of cosolvent therefore creates the possibility to probe the role of
hydration water for the stability of proteins. The influence of the cosolvent on protein
stability is directly related to the change in preferential binding coefficient of the

cosolvent (or, equivalently, the change of hydration) upon denaturation. A change in one
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parameter implies as a direct consequence, changes in all other parameters. A
requirement for the stabilization of the native structure by a cosolvent is a negative value
of AC,x, suggesting that the proteins are preferentially hydrated or the cosolvent is
preferentially excluded from the local domain of the protein. Therefore, in order to
stabilize the native state, the value of Cp(D) must be more negative than Cy(N), a
condition tantamount with the finding that the cosolvent is more strongly excluded from
the denatured protein than from the native one.

On a microscopic scale, the stabilization or denaturation of a protein due to the
interaction with a cosolvent can be understood in terms of the interactions of the
cosolvent molecules with those residues which come into contact with water upon
denaturation. The formation of excess or deficit population in the vicinity of the protein
with respect to a certain component of the solvent has contributions from (i) nonspecific
steric exclusion of cosolvent or solvent molecules on the basis of excluded volume as an
entropic consequence of a higher population of one component, and (ii) specific binding
in competition with water molecules. The relative contributions from the two processes
depend on the nature of the cosolvent, i.e. on its size, flexibility, charge, polarity, etc. and
on the surface topology of the protein. The interpretation of cosolvent-induced
stabilization of a protein in its native state on the basis of excluded volume effects relates
stabilization to the increase of the steric— repulsive interactions in the water—cosolvent
mixture relative to the pure water solvent. The stabilization or destabilization due to this
effect depends on the geometrical structure of the denatured state in relation to the native
state as well as on the average size of cosolvent molecules compared to water. If
cosolvent molecules are significantly larger than water molecules, cosolvent is excluded
from a certain volume shell around the protein, whereas water is not. Since excluded
volume is proportional to the solvent-accessible surface area (SAS) of the protein. The
exclusion of cosolvent due to steric reasons therefore tends to stabilize protein
conformations with lower SAS, a condition found mostly in compact proteins.

Since the denatured state usually is characterized by a more open structure with
larger SAS, excluded volume will stabilize the native state. In the surface tension model
(Jackson and Sternberg, 1994; Lee and Timasheff, 1981), the stabilization of the native

state is attributed to the increasing surface tension of water upon the addition of cosolvent
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which increases the free energy requirement to accommodate the increased surface area
of more open denatured states. On the other hand, preferential binding can enhance or
attenuate the stability. Le Chatelier’s principle implies that if a cosolvent binds
preferentially to the native protein, the native state will be stabilized and denaturation
becomes less favorable as the cosolvent concentration increases. Conversely, cosolvents
that bind preferentially to the denatured protein will destabilize the native state. Another
model which is employed to analyze cosolvent induced stability changes is the transfer |
free energy model (Auton et al.,, 2008; Alonso and Dill, 1991). Transfer energies of
individual amino acids are used to predict the transfer free energy of the whole protein. In
this model, steric effects and binding contributions are simultaneously included. The
energy transfer data indicate that the osmophobic theory explains protein stabilization.
The transfer Gibbs energy values estimated from the AGy values were used for the
analysis of protein stability measurements in osmolytes. In such analysis, both denatured
structure information and native structure information are needed. The transfer Gibbs
energy values, from water to an osmolyte, of the denatured and native states were
calculated using Eq.
AG® - AG\ = Z a AGy

Here, a represents the fractional exposure of an amino acid residue in the native or
denatured state against each amino acid, and AG, represents the transfer Gibbs energy of
the amino acid. The o value for the native state (on) is obtained from the accessible
surface areas (ASAs) of the amino acid residues in the native structure and the amino
acids. In the case of the denatured state, we have to prepare a denatured structure for such
analysis. an = £ ASAN/ASAaminos ap = Z ASAp/ASAamino (3) Here, ASAamino, ASAN, and
ASAp are the ASAs of an amino acid, the native state, and the denatured state,
respectively.

Various thermodynamic models for the cosolvent effect on protein stability as
well as the volumetric analysis can be combined in the rigorous statistical mechanics
frame of the Kirkwood-Buff theory (Schellman, 2005), which allows for relating the
excess number of cosolvent molecules around the protein to their radial distribution

function, which is available from experimental as well as from computer simulation data.
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The pair correlations of proteins with water and osmolytes are the determining
structural factors for the proteins’ response to the presence of osmolytes (Rosgen et al.
2007). Only very recently, however, has effort been devoted to calculate thermodynamic
solvation of proteins from experimental data (Shimizu et al., 2006; Rosgen et al., 2005;
Schurr et al., 2005; Shulgin and Ruckenstein, 2005; Shimizu, 2004; Shimizu and Boon
2004). Solvation effects of water and osmolyte as well as their impact on protein stability
is correlated. Hydration is found to be more sensitive to osmolyte size than osmolyte type
(excluded volume effect of hydration). Hydration effects are of minor importance for the
unfolding energetics of proteins in different osmolyte solutions and for the energetics of
the bulk osmolyte. Water self-correlations are largely unaffected by osmolyte
concentration and type. The energetic contribution of water self-hydration turns out to be
insignificant to both the energetics of osmolytes and proteins in osmolyte solutions. This
is consistent with a finding that the water— water correlation in the vicinity of the
chaotrope (urea) and the cosmotrope (TMAO, trimethyl-amine-N-oxide) are very similas
with regard to both angles and distances between water molecules (Gallagher and Sharp.
2003). Differences between osmolytes stem mostly from osmolyte self-solvation
Energetically, neither bulk water nor protein hydration is the main player in osmolyte
concentration-dependent effects on protein stability and osmolyte energetics. Very
predictable and monotonic solvation properties might be prerequisite for a molecule to be
useful as a biological osmolyte. The very simple activity coefficient (Rosgen et al., 2004
a, b) and solvation behavior (Rosgen et al., 2005; 2007) seems to be a general property of
osmolytes. Fine-regulation of the chemical activities of cellular components have to rely
on the constant solvation behavior without sudden switches.

Thus, the combined effect of factors like solvophobicity, surface tension,
excluded volume, water structure changes and electrostatic repulsion are all responsible
for preferential exclusion and the effects exclusion has on protein properties (Auton et al..
2006). The effects lead to significant decrease in protein conformational entropy in native
and denatured states in native conditions contributing to the mechanism of protein

stabilization by stabilizing cosolvents like naturally occurring osmolytes (Chen et al.,
2006).
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Thus, the protein stability has thermodynamic as well as kinetic aspects.
Thermodynamic stability, which is a positive value for the unfolding free energy at
physiological temperature does not guarantee that the protein will remain in the native
state during a given time scale, since irreversible protein alterations (even if they occur
from lowly populated unfolded or partially unfolded states) may deplete the native state
in a time-dependent manner. A strong scanning-rate dependence of the thermal
denaturation transitions therefore is a signature of kinetic control for many protein
systems (Remmele et al., 2005; Jayaraman et al., 2005; Sanchez-Ruiz et al., 1988). Many
proteins therefore are likely to be naturally selected to have significant kinetic stability
which include examples like a-lytic protease, Cu/Zn superoxide dismutase, the viral
capsid protein SHP11 and human low-density lipoprotein. The interest of understanding
protein kinetic stability is emphasized by the fact that some emerging molecular
approaches to the inhibition of amyloidogenesis focus on the increase of the kinetic
stability of the protein native state. Moreover, kinetic stability may be of considerable
biotechnological importance as the proteins and the solvent conditions employed in
technological applications often imply irreversible denaturation and kinetic control of the
stability. Recent work exploring the kinetic stability of lipase (Rodriguez-Larrea et al.,
2006) suggests that a solvation barrier arising from the asynchrony between breaking of
internal contacts and water penetration may contribute to the kinetic stability. Thus
general existence of water-solvation barriers that contribute to protein kinetic stability
seems to be consistent with the fact that the dehydrated and lyophilized enzymes denature
irreversibly at very high temperatures, indicating very high kinetic stability. Thus
enhancing protein stability for biotechnological applications may in many cases mean
enhancing protein kinetic stability and solvent mediated approach could be adopted to

improve the kinetic aspects of the stability too.

Effect of cosolvents on protein dynamics

Stabilizing forces that protect proteins from denaturation may or may not be
distinct from those forces that rigidify the protein. Crystallographic studies have
identified thermophilic proteins as possessing smaller Debye-Waller factors than their

mesophilic counterparts, suggesting a link and inverse correlation between thermal
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stability and protein dynamics (Vihinen, 1987). In addition, there have been a number of
studies, both experimental and computational, that provide a correlation for (Wagner and
Wauthrich, 1979; Lazaridis et al., 1997; ZavodszKy et al., 1998; Svingor et al., 2001; Tsai
et al., 2001) or show no evidence for (Colombo et al., 2008; Fitter and Heberle, 2000,
Hernandez et al., 2000; Fitter et al., 2001; Grottesi et al., 2002) a link between dynamics
and stability.

Proteins do not exist in a unique conformation, but can exist in a very large
number of somewhat different structures called conformational substates. So an
instantaneous structure is characterized by the positions of all N atoms in the protein, the
hydration shell, and some part of the bulk solvent. An instantaneous structure is a point in
the conformation space and the protein motions are transitions among these points. This
establishes that the solvent is the master and the protein the slave, as far as large-scale
motions (which involve the largest amplitude motions that proteins make so that the
fluctuating solvent should constrain these motions) are concerned (Frauenfelder et al.,
2006).

The studies demonstrate that stabilizing osmolytes restrict the increase in
conformational space in the presence of chemical denaturants, causing more restricted,
native-like protein fluctuations (Doan-Nguyen and Loria, 2007). This could possibly limit
access to higher energy conformational substates that would ultimately lead to protein
denaturation. Meanwhile hydrogen exchange studies on proteins (Wang et al., 1995;
Idiyatullin et al. 2003) have revealed that rate of exchange of slow exchanging amide
protons are further slowed down in presence of stabilizing osmolytes. Because stabilizing
osmolytes oppose an increase in protein surface area exposure, slowing of the hydrogen
exchange rates strongly indicates that the cosolvents affect the dynamics of the compact
unfolded state ensemble of the protein where the exchange was protected to a significant
extent. The fact that other components (intermediate and fast) of the hydrogen exchange
rates could not be affected in a significant way suggested that the compatibility of
stabilization of the osmolytes is decided by the unperturbed dynamics of the functionally
critical flexible and dynamic regions of the native state ensembles. Thus naturally
occurring stabilizing cosolvents seem to be evolutionary selected on their ability to

discriminate between the dynamics of various conformational ensembles.
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The hydration water dynamics and their dynamical coupling with the protein are
essential for protein dynamics and biological function. Inelastic neutron scattering
experiments on Staphylococcal nuclease (Nakagawa H et al., 2008) looking into the
effect of hydration on protein dynamics at differing hydration levels have revealed that
the partial hydration is sufficient to affect the harmonic nature of protein dynamics, and
that there is a threshold hydration level to activate the anharmonic motions. Thus,
hydration water has been found to control both the harmonic and anharmonic protein
dynamics and the hydration effects are strongly dependent on both temperature and
hydration. These resuits indicate that to understand protein dynamics the hydration water

dynamics should be revealed.

Cosolvents and enzyme activity

Stabilizing osmolytes are preferentially excluded from the protein domain and
therefore no direct interaction between the osmolyte and the protein is expected to bring a
change in K, and k., values. At the same time compatible osmolytes might affect the
association of substrate with enzyme through solvation effects on substrates or enzyme
active sites, or by means of effects on the thermodynamic activity of substrates or
enzyme (Abel et al., 2008; Agarwal, 2005; Chang et al., 2008). Polyols are observed to
bring no significant effect on K, and %, of enzymes like lysozyme and RNase-A (Haque
et al., 2005). The lack of effect on activity parameters could be due to that polyols have
little or no effect on the solvation properties of substrates and enzyme active sites.
Similar effects are also observed in case of prolines (Diamant et al., 2001). Compatible
osmolytes must therefore be able to discriminate between the solvation characteristics of

structurally and functionally critical domains of the protein.

Effect of cosolvents on protein folding

Solvation has a dramatic effect on the energy~ landscape of the proteins as the
concept of amino acids having helical and beta sheet forming propensity incorporates the
environmental solvent effects (Levy et al., 2001). This means that kinetic studies looking
into transition from unfolded state to folded state can provide insights on how solvent
could possibly alter these accumulations of various conformational ensembles depending

on their respective stabilization/ destabilization under defined solvent conditions. This
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should however also depend on whether solvent mediated equilibrium effects reflect
native state stabilization or unfolded state destabilization.

Studies of unfolding rates of some proteins like DHFR with varying solvent ionic
strength have revealed that slower unfolding rates are followed at high ionic strength
conditions without altering unfolding rates at native conditions suggesting kinetic
stabilization of the protein predominantly from destabilization of the unfolded states as
observed for some thermophilic enzymes (Gloss et al., 2008). This indicates that
haloadaptation harnesses the effects of increased salt concentrations on the properties of
the aqueous solvent to enhance protein stability. Also, simulation studies looking into the
effects of incorporating water molecules while observing peptide folding in silico, have
revealed that peptide conformers with high solvent-accessible hydrophobic surface area
have low hydration density around hydrophobic residues, whereas a concomitant higher
hydration density around hydrophilic residues was observed. The dewetting effect was
found to stabilize the fully folded state. The results suggested that dehydration-driven
solvent exposure of hydrophobic surfaces may be a significant factor determining peptide
conformational equilibria and could be a potential driving force in peptide folding
(Daidone et al., 2007). This enhances the possibility that hydrating cosolvent molecules
could significantly alter the rates of folding depending on their respective solvation
effects varying conformational entities accumulating during protein folding. This is
further evidenced by studies on cutinase exploring the effect of trehalose on its folding
which is found to favor an intermediate off-folding pathway and might even decelerate
the distinct folding event (Melo et al., 2003). On the other hand, pressure-jump-induced
kinetics on RNase A has also implicated a two-dimensional energy surface containing a
pressure- and temperature-dependent barrier between two isomeric unfolded states (Font
et al., 2006). Analysis of the activation volume of the kinetic phases revealed a
temperature-dependent shift of the unfolding transition state to a larger volume.
However, the observed effect could be compensated by glycerol. This indicated towards
the hydration dependent folding/unfolding mechanism of ribonuclease.

The fact that the folding reaction is significantly influenced by the nature of the
bulk solvent (Parker et al., 1997) is evidenced by solvent viscosity effects on the folding

rates. Viscogenic agents however are known to affect folding rates not only by increasing
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solvent viscosity but also by increasing protein stability (Jacob et al., 1999; Pradeep and
Udgaonkar, 2007; Mishra et al., 2007). Studies with both protein and solvent confined
within a space limit has shown that solvent-mediated affect could lead to destabilization
of the native state and unfolding happened to a relatively compact form of the unfolded
state (Lucent et al., 2007). Thus, the confinement of solvent has a significant impact on

protein kinetics and thermodynamics.

Effect of cosolvents on protein aggregation

Presences of various kinds of additives have been found to prevent protein
aggregation (Dong et al., 2004). Ligands and cosolutes that alter protein conformational
stability also influence the rate of formation of non-native aggregates (Chi et al., 2003).
For example, in the presence of polyanions, aggregation of acidic fibroblast growth factor
(Fan et al., 2007) and native recombinant keratinocyte growth factor (Derrik et al., 2007)
is greatly inhibited. It has also been shown that the addition of weakly interacting
preferentially excluded solutes can reduce the rate of protein aggregation. For example,
sucrose has been shown to inhibit aggregation of hemoglobin (Kerwin et al., 1998),
thIFN-y (Webb et al., 2001), keratinocyte growth factor (Chen and Arakawa, 1996),
immunoglobulin light chains (Auffray and Rougeon, 1980), and rhGCSF
(Thirumangalathu et al., 2006).

Protein folding aids can be categorized into two groups. Molecules like
acetamide, acetone, thiourea and L-arginine stabilize unfolded protein or folding
intermediates. The presence of these additives decrease the folding rate with increase in
their concentration and can minimize the aggregation at a particular concentration. The
other group include molecules like glycerol which act as protein stabilizers (Baynes and
Trout, 2004; Mishra et al., 2007). In the presence of these kinds of folding aids, both the
refolding rate and yield were enhanced by increasing their concentration to a proper
value. So the cooperative application of the two kinds of folding aids could result in
favorable refolding rate and better protein yields. Some of the aggregation suppressors
like ammonium sulphate salts have also been correlated to their surface tension property
to be described as one among the factors to prevent thermal aggregation (Hirano et al.,

2007). Cosolvents as folding aids or aggregation suppressers could also act indirectly by
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facilitating molecular chaperones enhancing their ability to assist refolding and minimize

aggregation (Lange et al., 2005).

Outline of the current research problem

Proteins are the major biomacromolecules involved in variety of physiological
functions. They are the polypeptides which fold to acquire a particular three dimensional
conformation so as to carry out the given function. As discussed earlier that any alteration
in the specific conformation of proteins may result in variety of physiological disorders.
To avoid any such alterations, polypeptide chains have to first get properly folded from
the unfolded state and the folded state has to be stable enough under varying conditions
to carry out the required function. Thus either misfolding or destabilizations of the
proteins lead to serious disorders.

Cataract is one such disease where the constituent proteins of the lens gets
aggregated that interfere with its transparency subsequently leading to blindness.
Mammalian lenses are made of long fiber cells, enclosing a major cytoplasmic
component lens—specific proteins, the crystallins. a-crystallins (molecular weight
~7,50,000-1,200,000) and B-crystallins (By~180,000;3,~60,000) are heterogenous
oligomeric proteins, while y-crystallins are monomers (molecular weight~ 20,000)
(Bloemendal and de Jong, 1991). These constitute an estimated 35% of the net weight of
the lens. Using a mixture of these different sized protein assemblies to fill the lens fibre
cells ensures polydispersity and prevents crystallization. In order to fulfill their optical
function, crystallins have to be first and foremost soluble. Since they have to last longer
in relation to the whole life span of the organism they must also be stable. Crystallins
contribute to the transparency and refractive power of the lens by short-range interactions
among themselves and cytoskeletal elements in a highly concentrated matrix
(Bloemendal and de Jong, 1991; Delaye and Tardieu, 1983). A disruption in this
interactive order (either through alteration in solubility or in stability) may be caused by
different types of protein condensates, such as aggregates, coexisting liquid phases or
crystals. Any such disruption results in increased light scattering and lens opacity or

cataract.

Cataractous crystallin proteins may be divided into two categories: a-crystallins
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and P y - crystallins. a-crystallin is a member of small heat shock proteins acting as
molecular chaperone(Raman et al., 1997), is thought to bind to unfolded polypeptide
chains during the times of stress and is thus crucial for preventing aggregation. It forms
polydisperse multimers having molecular masses ranging from 300 to 1200 kDa,
depending on the solvent conditions and other variables. It is a predominantly B-sheet
with less than 20 % helix content.

B vy -crystallins are however small (20-30 kDa) proteins primarily composed of
antiparallel B-sheets. B-crystallins and y -crystallins are structurally similar. They both
comprise four Greek key motifs separated into two domains. B-crystallins form domain-
swapped dimers in solution owing to their flexible sequence. Truncation and deamidation
of BB1 leads to altered conformation. These alterations happen extensively in ageing
human lenses and may be important for age onset cataract formation.

The y -crystallins are monomeric in solution. In addition, y -crystallins are the
only known crystallins having attractive forces between molecules and are therefore more
likely to form cataractogenous aggregates (Tardieu et al., 1992). Also, as with age,
chaperone action of a-crystallin gets reduced due to destabilization, therefore it becomes
necessary to set aggregation prone y-crystallins as an alternative target to design drugs for
cataract. y -crystallins differ from the a- and B-crystallins in one important aspect: the
interactions between the y -crystallins are attractive (Tardieu et al., 1992). This feature
reduces the osmotic pressure in the lens but it also makes y-crystallins more susceptible
to aggregation and phase separation, a phenomenon that diminishes the homogeneity of
the lens and causes cataract. Also a-crystallin, in order to show its chaperone behavior,
forms complexes with B- and y -crystallins. In vitro studies on these complexes have
revealed that a-f-crystallin complexes remain soluble for a long time in contrast to o- v -
crystallin complexes that form precipitates as a function of time. Such differential
behavior in vitro provides a strong indication that y-crystallins pose a more severe
cataract risk than B-crystallin. Human yD crystallin is the model of our choice as this is
the most abundant among the expressed y-crystallins in the lens.

However, Human yD crystallin as the model for solvent mediated protein stability
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Figure 2: Conformational constraints in Human yD crystallin showing two 3 greek key
domains joined by a hinge with A. buried cysteines and B. prolines. (PDB code:1HKO0)
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studies has been selected on the basis of some additional background studies:

A) Proteins tend to compromise between rigidity (for stability) and flexibility (for
folding, function and degradation) as a result of which the free energy of stabilization of
globular proteins in solution is equivalent to only a few weak intermolecular interactions.
Stabilizing cosolvents or ligands therefore can bring about additional increments in this
free energy of denaturation. These can play their role in both ways either by bringing in
the enthalpic effects or through entropy by reducing the flexibility (cystine bridges,
increased proline content etc.), or by water release from residues buried upon folding and
association. Protein stability and function can also be maintained by increased ion
binding and glutamic acid content (as in halophiles) allowing it to compete for water
during high salt conditions. Similarly, proteins facing the outside extremes of pH adopt to
the conditions by possessing anomalously high contents of ionizable amino acids in order
to have buffering ability. Thus, the basic mechanisms of molecular adaptation include
changes in packing density, charge distribution, hydrophobic surface area and in the ratio
of polar:non-polar or acidic:basic residues (Jaenike 2000). Human yD crystallin seems to
have all these adaptations as it possesses high packing density, distribution of acidic and
basic residues, calcium binding property (to possibly provide the protein with ion
buffering ability), distribution of surface charges (to facilitate protein-protein attractive
order) and surface salt bridges (to overcome the solubility concerns under high protein
concentration).

B) Proteins can exist in concentrated or crowded solutions (Minton, 2001; Hall
and Minton, 2003; Rivas and Minton, 2004) where the concentration of which might not
be high in a solution, is forced to exist in a considerably reduced volume fraction of the
total solution volume due to the presence of an inert solute at high concentration. Human
¥D crystallin is different in a way that they exist in crowded conditions but crowding is
not solute mediated, instead the protein itself existing at very high concentration create
the protein-protein mediated crowding. Concentrated and crowded solutions are often
encountered in pharmaceutical milieu as well as in physiological environment. The
behavior of a protein molecule in such an environment is significantly affected by the
presence of other molecules. The primary consequence is the alteration of the activity or

effective concentration of protein in solution, which further results in change in protein
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structure, function and its stability (Minton, 2005; Saluja and Kalonia, 2008). In
physiological systems, the consequences of high protein concentration coupled with
rather minor structural alteration and sequence mutations are expressed in the form of
various diseases and disorders due to protein assembly processes (Hardy and Gwinn-
Hardy, 1998; Koo et al., 1999 and Lansbury, 1999). Examples include cataract (Stradner
et al.,, 2004), neurodegenerative diseases including Alzheimer's and Parkinson's disease
(Meehan et al., 2004), systemic amyloidosis (Harper and Lansbury, 1997), polyglutamine
disorders like Huntington's disease (Koo et al., 1999), etc. From a pharmaceutical
perspective, high protein concentrations in solutions pose formulation challenges
originating from protein solubility, manufacturing challenges due to high viscosity of
some of these solutions and often result in compromised stability of the protein in
solutions with regard to self-association and aggregation (Shire et al., 2004).

C) Using small molecules to bring in desired conformational changes or to inhibit
protein misfolding in recent times has helped develop potential therapeutic strategies
against misfolding diseases (Rochet, 2007). Small molecules like members of polyol
series (glycerol, erythritol, xylitol and Sorbitol) and amino acids and their methyl
derivatives (glycine, sarcosine, betaine, etc.) are well known to occur in nature as protein
stabilizers (Arakawa and Timasheff, 1982a and b, 1983, 1985). These osmolytes stabilize
proteins through preferential hydration and have been found to enhance thermal stability
of several proteins (Ahmad, 1999; Radha et al., 1998; Kaushik and Bhat, 1999; Kaushik
and Bhat, 2003). Studies on the effect of osmolytes on protein folding have also been
reported (Mukaiyama, 2008). Refolding studies on Citrate synthase (Mishra and Bhat,
2005) and on Carbonic anhydrase (Yoshimoto et al., 2003) have revealed that by
carefully manipulating the solvent environment one could enhance the refolding of the
proteins considerably. Meanwhile osmolytes are also reported to influence aggregation
and amyloid fibril formation in different ways (Yang et al., 1999; Ignatova and Gierasch,
2006) All this information opens tremendous scope for utilization of these molecules
straight away or molecules derived from these as potential therapeutic molecules against
many protein destabilization or misfolding related disorders (Tanaka et al., 2004, 2005).

In light of these background studies, we have carried out detailed conformational

studies of the wild type Human yD crystallin to understand how its physico-chemical
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cataract in particular and the subjects of protein-solvent interactions, protein stability,

solubility, folding and aggregation in general.

In this context therefore studies on solvent mediated effects on stability, folding

and aggregation were carried out with following objectives:

)
0’0

O/
0'0

To study the conformational properties of Human yD-crystallins extensively and
alteration in these properties when subjected to varying solvent conditions in
terms of pH, ionic strength, presence of naturally occurring osmolytes of polyols,
Polyethylene Glycols, amino acids and their derivatives etc., so as to optimize and

define proper conditions for maximum stability and least aggregation.

To characterize the aggregation prone intermediate on the folding pathway and to
specify alteration in its population/physico-chemical properties under varying
solvent conditions so as to obtain maximum refolding yield, in turn defining the

best stabilizing conditions.

To further explore the role of non—specific attractive interactions among the yD-

crystallins and the possible solvent mediated factors involved therein.
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Materials & Methods

Materials and methods for expression and purification of
Human yD crystallin

Materials and methods for expression of Human yD crystallin

Materials

Bacterial strains used in this study

E. coli Applications
strains
DHS5-a Cloning with plasmid vectors. Gives high

efficiency transformants.

BL21(DE3) | Carries genome-integrated T7 RNA
polymerase gene. Used for high-level gene
expression with T7 promoters.

Clone of YD crystallin

A clone of yD crystalline, expressible in E.coli BL21(DE3) cells was made
available by Dr. N. H. Lubsen, Netherland. The clone consisted of plasmid pET3a which
carried a gene of yD crystalline (~522bp) along with downstream T7 promoter. The
plasmid was amplified in E.coli (DHS) cells by growing the transformed cells overnight
in LB medium. The plasmid was isolated from this overnight grown culture by using
mini prep and was stored at — 20°C. Glycerol stocks were also prepared of the culture of

DH5a cells carrying plasmid and kept at -80 °C for storage.

Media used for cultivation of E.coli

LB medium (Luria Bertani medium)

Tryptone 10 g
Yeast extract 5¢g
NaCl 5¢g

20 g of LB powder (Hi Media) was dissolved in double distilled water (ddH,O) to make
up the total volume to 1 litre. The media was sterilised by autoclaving for 15 minutes at

121°C/15 1b/sq in.
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LB Agar plate

Tryptone 10g
Yeast extract 5g
NaCl 10g
Agar 15¢g

35 g of LB agar powder (Hi Media) was dissolved in ddH,O to make up the total
volume to 1 litre. The media was sterilised by autoclaving for 15 minutes at 121°C/15

Ib/sq in. Appropriate antibiotics were added as needed and poured in petri dishes. All

plates were stored at 4°C

TB (Terrific Broth)

Tryptone 12 g

Yeast Extract 24 ¢

Glycerol 4 ml

KH,PO4 231g

K,HPO, 12.54 g

Phosphate salts were autoclaved separately and the total volume made up to 1L after
mixing.

Antibiotics

Ampicillin

The dry sodium salt of ampicillin was dissolved in sterile ddH,O to make the
stock solution of 100 mg/ml. The stock solution was sterilised by filtration through a
0.22 micron disposable filter and stored at -20°C. The working concentration of the

antibiotic was 100pug/m! for broth and plates.

Reagents

Ti0 E; buffer, pH 8.0

Tris-Cl, pH 8.0 10 mM
EDTA, pH 8.0 1 mM

The above components were mixed and the pH adjusted to 8.0 with dilute HCI. Finally,

the buffer was sterilised by autoclaving.
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2 N NaOH

8 g of Sodium hydroxide was dissolved in 45 ml of ddH,O. Finally, volume was
made up to the 100 ml with ddH,O. Solution was sterilised by autoclaving for 15
minutes at 121°C/15 1b/sq in.

10% Sodium dodecyl sulphate (SDS)
100 g of SDS (electrophoresis grade) was dissolved in 700 ml of sterile ddH,0O

and was heated at 55°C for 2 minutes. The final volume was made up to 1 litre with
sterile ddH,O0.

3 M Sodium acetate (pH 5.2)
408 g of Sodium acetate was dissolved in water. pH was adjusted to the desired
value with Acetic acid. ddH,O was added to make 1 litre total volume. Solution was

sterilised by autoclaving for 15 minutes at 121°C/15 1b/sq in.

DNase free RNase A

Pancreatic RNase A was dissolved at a concentration of 10 mg/ml in 0.01 M
Sodium acetate, pH 5.2, Boiled at 100°C for 15 minutes. Allowed to cool slowly at room
temperature. pH was adjusted by adding 0.1 volumes of 1 M Tris HCI (pH 7.4).
Dispensed into aliquots and stored at -20°C.

0.5SMEDTA
186.1 g of Na,EDTA.2H,0 powder was dissolved in 700 ml of water. EDTA
does not dissolve completely until the pH of the solution reaches 8.0. pH was adjusted to

8.0 with 10 M NaOH. Finally ddH,0 was added to 1 litre and solution was autoclaved.
1 M CaCl,

147 g of Calcium chloride (CaCl,.2H,0) was dissolved in 1 litre of ddH,O and

solution was sterilised by filtration with a 0.22- micron filter membrane.
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1 M Tris (pH 6.8, 7.0, 7.2, 7.4, 7.5, 8.0, 8.8)
121.1 g Tris base was dissolved in 800 ml of ddH,O. pH was adjusted to desired
value by adding concentrated HCI. Final volume was made up to 1 litre with ddH,O and

sterilised by autoclaving.

50 % Glycerol
50 ml of pure glycerol was added to 50 ml of ddH,O and mixed thoroughly.

Finally solution was autoclaved for 15 minutes at 121°C/15 1b/sq in.

70 % Ethanol
70 ml of pure ethanol was mixed with 30 ml of sterile ddH,O to make up the total

volume to 100 ml and stored at 4°C.

1M DTT
3.09 g of Dithiothreitol was dissolve in 20 ml of 0.01 M sodium acetate (pH 5.2)

and stored at —20°C after filter sterilization with 0.22-micron filter.

30% Acrylamide (29:1)

Acrylamide 29¢g

N, N’-methylenebisacrylamide lg

ddH,O was added to make up the total volume of 100 ml. The solution was filtered and
kept at 4°C.

10% Ammonium persulphate
10 g ammonium persulphate powder was added in 100 ml of sterile ddH,O,

mixed and solution was kept at 4°C.
Ethidium bromide

100 mg ethidium bromide tablet was dissolved in 10 ml of water. Left overnight

on 37°C shaker to dissolve the tablet completely and stored in dark at room temperature.
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10 M Ammonium acetate
385.4 g of ammonium acetate was dissolved in 150 ml of ddH,O. Volume was

made up to 500 ml. Solution was sterilized by autoclaving for 15 minutes at 121°C/15

Ib/sq in.

IM IPTG solution
2.73 g of IPTG powder was dissolved in 8 ml of sterile ddH,O. Volume was
made up to 10 ml with ddH,O. The solution was sterilised by filtration through a 0.22 -

micron disposable filter and stored into small aliquots at -20°C.

Phenol: Chloroform: Isoamyl alcohol
25 parts (v/v) Phenol (previously equilibrated in 150 mM NaCl / 50 mM Tris
HCl, pH 7.5 and 1 mM EDTA) was mixed with 24 parts (v/v) Chloroform and 1 part

(v/v) of Isoamyl alcohol. This solution was stored in a dark coloured glass bottle at 4°C.

S M Na(Cl

292.2 g of sodium chloride was dissolved in 800 ml water and made up the total

volume to 1 litre with water. The solution was sterilised by autoclaving.

100 mM Phenyl methyl sulphonyl fluoride (PMSF)
174 mg of PMSF powder was dissolved in 10 ml of isopropanol. The solution
was divided in aliquots and stored at -20°C.

50x TAE buffer

Tris base 242 ¢
Glacial acetic acid 57.1 ml
Na,EDTA.2H,0 372¢

Sterile ddH,O was added to make up the total volume to 1 litre.
S x Tris glycine buffer

Tris base 15.1¢g
Glycine 72.0
SDS 50¢g
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ddH,0 was added to make up the total volume to 1 litre.

6 x Gel loading buffer

Bromophenol blue 0.25% (w/v)
Xylene cyanol FF 0.25% (w/v)
Ficoll (Type 400) 15% (w/v)

ddH,O was added to make up the total volume of 10 ml. Stored at room temperature.

Alternatively, the DNA loading dye was made with following components.

Bromophenol blue 0.25% (w/v)
Xylene cyanol FF 0.25% (w/v)
Glycerol 30% (v/v)

ddH,O was added to make up the total volume of 10 ml. Stored at 4°C.

PBS (Phosphate Buffered Saline)

NaCl 100 mM
KCl 4.5 mM
Na;HPO4 7 mM
KH,PO4 3mM

Water was added to make up the total volume and sterilised by autoclaving. The buffer

was stored at 4°C.

10X D (20% Dextrose)
20 g of dextrose (D-glucose) was dissolved in 100 ml of water and autoclaved for 15

minutes

1 M potassium phosphate buffer, pH 6.0
132 ml of 1 M K,HPO,, 868 ml of 1 M KH,PO,4 were mixed and the pH adjusted
to 6.0 (with phosphoric acid or KOH). It was then sterilized by autoclaving and stored at

room temperature.

Recipes for Separating gel and Stacking gel
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12% Separating gel
30% Acrylamide mix
(29% Acrylamide &
1% Bis-acrylamide)
1.5M Tris-Cl, pH 8.8
10% SDS

10% APS

TEMED

Distilled water

Stacking Gel -

30% Acrylamide mix
1.0 M Tris-Cl, pH 6.8
10% SDS

10% APS

TEMED

Distilled water

2 X Sample buffer
Trizma base
Glycerol

SDS
2-Mercaptoethanol

Bromophenol blue

Electrophoresis buffer
Tris base

Glycine

SDS

pH adjusted to 8.3.

20.0 ml
8.0 ml

5.0ml
0.2 ml
0.2 ml
0.008 ml
6.6 ml

5.0ml
0.83 ml
0.63 ml
0.05 ml
0.05 ml
0.005 ml
3.4 ml

100ml

1.52 gm

20.0 ml

2.0 gm

2.0 ml (for reducing condition)
0.002%

1000 ml
3.02 gm
14.4 gm
1.0 gm

Materials & Methods
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Methods

Plasmid isolation (mini preparations)

Mini preparation was done to obtain plasmid DNA in reasonable amounts for
purification. For this a total of 5 ml of the overnight grown culture was pelleted in turns
in microfuge tubes at 12,000 x ‘g’ for 2 minutes. The supernatant was discarded and 250
ul of solution I (50 mM glucose, 25 mM Tris HCI pH 8.0, 10 mM EDTA pH 8.0) was
added to the cell pellet and resuspended by vigorous vortexing. 400 ul of freshly prepared
solution II (0.2 N NaOH, 1 % SDS) was added and mixed gently by inverting the
contents of the tube. Finally 350 pl of ice-cold solution III (SM potassium acetate, glacial
acetic acid) was added, mixed well and stored on ice for 10 minutes. The microfuge tube
was centrifuged at 12,000 x ‘g’ for 10 minutes at 4°C and the supernatant was transferred
to a fresh tube. Equal volumes of P:C:I mix was added to the supernatant and mixed by
vortexing. The mixture was centrifuged again for 10 minutes at 12,000 x ‘g’ and the
upper aqueous phase was pipetted out into a new microfuge tube and 0.7 volumes of
isopropanol was added at room temperature and mixed well. The mixture was centrifuged
again at 12,000 x ‘g’ for 30 minutes at room temperature. The pellet was washed twice
100 pl 70% ethanol and dried in a dry bath. The dried pellet was finally suspended in 75
ul of Ty E; and treated with RNase A.

DNA quantitation

The concentration of DNA was determined by spectrophotometry in UV range.
Optical density (OD) of DNA solution was measured at 260 nm and 280 nm with
appropriate blank of the solvent in which DNA was dissolved, using quartz cuvettes. An
OD at 260 ,, = 1 was considered equivalent to concentrations 50 pl g/ml for double
stranded DNA and 20 pl g/ml for single stranded oligonucleotides. The ratio of ODx¢
/OD,gy was determined to check the purity of the DNA preparation. The ratio of protein
free pure DNA should be 1.8 to 2.0.

Preparation of competent E. coli cells

The competent cells were prepared with a slight modification in the standard
protocol (Sambrook et al. 1989). A glycerol stock of E. coli cells was streaked on LB

agar plate using four-flame method. A single colony was picked and inoculated in 5 ml
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of LB broth and incubated overnight at 37°C with shaking. After 16 hours, 500 ul of the
culture was used as inoculum (1% final concentration) for a 50 ml LB broth. Cells were
grown to an ODggg of 0.3-0.5. The cells were chilled on ice and then transferred to a pre
chilled sterile oakridge tube under aseptic conditions. The cells were centrifuged at 2,500
x ‘g’ for 5 minutes at 4°C. The supernatant was discarded and the pellet was resuspended
in 25 ml of chilled 100 mM CaCl, and incubated on ice for 30 minutes. The cells were
centrifuged again at 2,500 x ‘g’ for 5 minutes at 4°C. The pellet was resuspended in 5 ml
of 100 mM CaCl, and 50% glycerol was added to it to a final concentration of 15%. The
cells were kept on ice for 2-3 hours and were finally stored at — 70°C as 200 01 aliquots.
Next day one aliquot was used to transform with 10 ng DNA of a standard plasmid in
order to check the efficiency of the competent cells as number of transformants per

microgram of plasmid DNA.

Transformation of E. coli cells

A 200 pl aliquot of competent cells was thawed on ice. ~10 ng of plasmid DNA
was added to the thawed cells and incubated on ice for 30 minutes. Then cells treated
with heat shock by keeping the cells in water bath set at 42°C for 90 seconds. The cells
were.immediately transferred onto ice and 800 ul of autoclaved LB broth was added to it.
The cells were kept on incubator shaker set at 37°C, for 1 hour. Out of 1 ml culture, 100
ul of cells were plated on a LB agar plate containing an appropriate antibiotic for
selection of transformants. The LB plate was incubated at 37°C for 12-16 hours for the

emergence of colonies.

Agarose gel electrophoresis

Agarose gel electrophoresis was carried out in a horizontal gel apparatus with 1X
TAE as electrophoresis buffer. As per requirement, 1.0 to 1.5% agarose was dissolved in
1X TAE buffer by heating it in a boiling water bath. After allowing it to cool to 40 -
45°C, ethidium bromide was added to it to a final concentration of 1pug/ml. The gel was
set by pouring it into a casting tray in which a comb of desired tooth size was inserted at
one end to form wells. After the gel had set, the comb was removed and the gel was

transferred to the gel tank filled with the electrophoresis buffer. Samples mixed with
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loading buffer were loaded into the wells. The gel was run at a constant voltage of 4-5

V/cm. The DNA bands were visualised under 260 nm UV light on a trans-illuminator.

Growth media and conditions for expression studies

For expression of yD crystallin primary cultures were grown overnight in LB
medium (10 ml media in 100 ml flasks) with ampicillin (100 Og/ml) at 37°C with
constant shaking at 220 rpm. Next day, 5 ml of the overnight grown culture was used to
inoculate 500 ml media (Lauria broth (LB) and/or Terrific Broth (TB) media) in 2 L
flasks with 100 pg/ml ampicillin and the culture was grown in shaking incubator at 37°C
while continuously shaking at 220 rpm. Cells were grown to an ODggo of 2.0 - 2.5 and
induced with ImM IPTG (final concentration). The cells were harvested after 8 hours

post induction by centrifugation at 4000 x ‘g’ for 10 minutes.

Preparation of protein samples for SDS- PAGE

The cell pellets were resuspended in PBS buffer and 5X standard protein loading
dye was added to make final concentration of 1X in each sample. Samples were boiled
for 5 minutes in water bath, and centrifuged at 12,000 x ‘g’ for 10 minutes at room

temperature. The supernatant was loaded onto a 12% SDS-PAGE for analysis.

Purification of Human yD crystallin

Human yD pET3a recombinants were transformed into E. coli BL21 cells. Clones
were grown overnight in LB medium containing ampicillin. The fresh overnight culture
was used to inoculate 1 lit. of LB medium with ampicillin. Expression of recombinant
protein was induced at O. D.ggp 0.6 by adding IPTG to a final concentration of 1mM after
an additional 8 hours at 37°C, cells were harvested by centrifugation and resuspended in
30 ml 25mM tris HCI, 5SmM EDTA, 50mM Glucose pH 8 .0 containing protease inhibitor
cocktail. Cells were lysed by French press, DNase I was then added to 50 pg/ml
concentration and the lysate was incubated for 2 hrs at room temperature. The lysate was
then cleared by centrifugation for 45 min at 36000 rpm. The supernatant was stored at
4°C. Supernatant obtained after centrifugation was subjected gel filtration
chromatography on a Sephadex G-75 column. 5ml sample was loaded on a 2.5cm X
50cm sephadex G-75 column. Gel filtered purified protein was further purified by cation-

exchange chromatography on sulphopropyl Sephadex C-50 column.
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A) Gel filtration chromatography

The cell lysate was further subjected to gel filtration chromatography. For this, a
Sephadex-G-75 column (2.5 cm X 50 cm in dimension) was equilibrated with filtered and
degassed 100mM sodium phosphate buffer with final chloride concentration of 2.3mM
and 5Sml of the total cell lysate of 1liter culture (suspended in ~10ml lysis buffer) was
loaded into the column and eluted at a flow rate of 0.5 ml per minute. Gel filtration
marker proteins of known molecular weight were applied to the column for molecular

mass estimation of the recombinant protein.

B) Cation exchange chromatography

For a cation exchange chromatography, 50 ml of dialysed protein was loaded on
a 5 ml SP-Sephadex C-50 column equilibrated with 0.275 M acetate buffer, pH 4.8.
Then, the column was extensively washed with the same buffer. The bound protein was
eluted with 50 ml of linear gradient of 0.275 M Acetate buffer + 1 M NaCl covering the
range from 0.1 M - 0.5 M NaCl. Protein gets eluted around 0.35 M NaCl. After
purification column is washed extensively by 2 M NaCl to wash out any bound fraction
of the impurities. Column is either stored in 20% ethanol or again equilibrated with
acetate buffer for next cycle of purification. Fractions of interest were pooled and the
pooled fractions were further concentrated by using 3kDa centricon filter and spun at
5000 rpm till a desirable amount was reached. Total protein concentration was estimated

by spectrophotometer with protein extinction coefficient, Epg ™™ =2.9.

Protein gel electrophoresis

Polyacrylamide gel electrophoresis under denaturing condition (in the presence of
0.1% SDS) was performed according to the method described by Laemmli (1970). The
stacking gel containing 4% acrylamide, 0.106% N, N’-methylene bisacrylamide, 0.1%
SDS and 0.125 M Tris-HCI (pH 6.8) were mixed and polymerized. The separating gel
had 12% or 15% acrylamide depending on the case and 0.1% SDS. Running buffer
consisted of 0.025 M Tris-base, 0.192 M glycine, pH 8.3 containing 0.1% SDS. The
protein samples were prepared in sample buffer [0.0625 M Tris-HCI, pH 6.8; 2% SDS,

10% glycerol, and 5% B-mercaptoethanol (Laemmli, 1970)] and immersed in a boiling
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waterbath for 3-5 minutes. Standard marker protein mixture (Boehringer, Bangalore

Genei) was run simultaneously to calculate the subunit molecular size of the proteins.

Coomassie Brilliant Blue staining

SDS-Polyacrylamide gels containing more than 200 ng protein concentration
were visualised by standard Coomassie Brilliant Blue R 250 (CBB R 250) staining
solution {0.1% (w/v) CBB dissolved in 25% (v/v) methanol and 10% (v/v) acetic acid in
water}, followed by de-staining in 25% (v/v) methanol and 10% (v/v) acetic acid in
water.

Cell Biomass measurement
The biomass concentration was monitored by measuring the optical cell density

(ODggo) at 600 nm in triplicate and average has been reported.

Materials and methods for stability, folding and aggregation studies on
Human yD crystallin

Materials

Polyols like sorbitol, xylitol, erythritol and chemicals like guanidinium chloride
(GdmCl), dithioerythritol (DTE), TMAO, DMG, Sarcosine, Betaine used in these
experiments were procured from Sigma Chemical Co. St. Louis, USA. PEG200, PEG
400, PEG 1000, PEG 3350, PEG 8000, Glycine, Glycerol, ethylene glycol, tris, sodium
dihydrogen phosphate and disodium hydrogen phosphate were from Merck, India.,
Arginine, Proline, acetic acid, sodium acetate, calcium chloride and NaCl were from
Sisco Research Laboratories Pvt. Ltd. India. The chemicals used were of the highest
purity grade and were used without any further purification. Millipore water purification
system prepared water was used to make all the solutions and buffers. The pH of
solutions was adjusted using Radiometer pH meter model PHM 220, Lab meter, by
adding sodium hydroxide or hydrochloric acid solutions accordingly. The pH standards
used for calibrating the pH meter were from either Radiometer or Sigma Chemical Co.

were procured from Sigma Chemical Co., USA.

Methods
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Preparation of protein and buffer solution

The protein solution was mixed with either 10 mM Sodium phosphate buffer pH
7.0 or water and then loaded in Centricon concentrators (Amicon Inc., USA) to
concentrate and to remove any minor impurities left after purification by centrifugation at
5,000xg. The protein concentration was calculated based on the extinction coefficient
(€230 2.9 mg' mi') by using Cecil 8080 and Hitachi U-2000 UV-visible
spectrophotometers. Protein solutions were centrifuged for 10 min at 30,000xg in a
Sorvall RC 5C plus centrifuge to remove any suspended impurities.

20mM sodium phosphate, pH 7.0 buffers were used for the making Human yD
crystallin protein solutions. The following solutions were prepared for the pH dependent
studies: 20 mM glycine-HCI or NaOH, for pH 2.5, 3.0, 3.5. 10.5, 11.0; 20 mM acetate for
pH 4.0, 4.5, and 5.0; 20 mM Tris for pH 8.5 and 9.0. All the cosolvents at given
concentration were dissolved in buffers the desired pH was obtained HCI or NaOH. DTE
was added in each case to SmM final concentration to provide reducing conditions. All
the solutions were filtered through a 0.22 um membrane filter (Sartorius, Germany) to
remove any dust particles and the protein solutions were centrifuged at 15000 rpm

(Heraeus, Germany) for 15 min to remove any aggregated species.

Circular Dichroism studies

CD spectra were recorded on a Jasco J-815 model spectropolarimeter equipped
with a peltier based temperature controller and a 0.1-cm path length cuvette. The
instrument was calibrated with (+)-10-camphor sulfonic acid. In general, an average 5
scans were used and the data were presented as mean residue ellipticity [MRE]
normalized to the number of residues expressed in deg cm? dmol™. All the spectra were
acquired at 25 °C. Data were obtained at an interval of 0.1 nm and a scanning speed of 50
nm/min. Nitorgen gas was continually flushed at the rate of 5 lit. min™. Higher flow rates
were used below 200 nm to minimize the noise in the far UV region. lcm path length
cuvets were used in the far UV regions. The protein concentrations for the far UV spectra
acquisition were 100 pg/ml. The data were normalized using the equation

| [0@]=M, ®/10lc

where @ is the observed ellipticity in millidegrees, My is the mean residue weight of the

protein, ¢ is the protein concentration in g/em®, and [ is the path length of the cuvet in
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centimeters. A molecular weight of 21.6 kDa and the total number of 173 residues for

Human vD crystallin were taken to calculate mean residue weight.

Fluorescence studies to measure the changes in tertiary structure

Any perturbation in the tertiary structure of the protein due to the changes in the
local environment was measured by studying a change in the fluorescence spectrum of
tryptophan residue i.e. change in the intensity (Quantum yield) and the emission maxima.
Tryptophan fluorescence studies were carried out to characterize the stability and folding
characteristics of Human yD crytstallin. Fluorescence measurements were carried out on
a Cary Varian Eclipse spectrofluorimeter interfaced with peltier temperature controller. 1
cm path length cuvets were used to record the spectra of the samples under constant
stirring. A protein concentration of 10 pg/ml for the intrinsic fluorescence was used. For
intrinsic fluorescence, excitation wavelength of 295 nm was used, with an excitation slit
width of 10 nm and an emission slit width of 10 nm. The emission was recorded from

300 to 400 nm. All the spectra were measured at 25 °C.

Thermal denaturation of Human yD crystallin

The wavelengths 320 nm corresponding to native state and 360 nm corresponding
to denatured state were used for measuring the thermal transition of the protein using
fluorescence spectroscopy. Ratio of intensities at 360nm and at 320nm was plotted and
the resulting data was normalized to give final thermal denaturation plot. The apparent
mid transition temperature (Tm) of yD crystallin has been calculated using 10 pg/ml

protein concentration for each set of experiments.

Equilibrium renaturation-denaturation

For the refolding samples, 100 pug/ml Human yD crystallin was first denatured in
6 M GdmCl containing SmM DTE for 6 hrs and the protein was then refolded by diluting
to a final concentration of 10 pyg/ml in 20 mM phosphate buffer pH 7.0 containing SmM
DTE. For denaturation samples10 pg/ml protein was mixed in different concentration sof
GdmCl. The protein was equilibrated for 36 hrs before recording their fluorescence
signals at 360 nm and 320 nm when excited at 295 nm. pH dependent changes in teriary

structure of the protein were monitored by recording the fluorescence spectra of the
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samples incubated in desired pH condition for Shrs.

Folding/unfolding kinetic studies

For the refolding kinetics, 100 gg/ml Human yD crystallin was first denatured in
5.5 M GdmCl containing SmM DTE for 6 hrs and the protein was then refolded by
diluting to a final concentration of 10 pg/ml protein and 1.5 M GdmCl concentration in
20 mM phosphate buffer pH 7.0 containing SmM DTE. For denaturation samples, 10
Mg/ml protein was mixed in 5.5 M GdmCl. Both refolding and unfolding kinetics were
monitored by fluorescence spectroscopy by recording signals at 360 nm and 320nm when
excited at 295 nm. The stop-flow kinetic studies were performed on a JASCO-815 CD
polarimeter provided with attached Biologic stop-flow accessory and an extra channel for
fluorescence detection. For monitoring early events of protein unfolding kinetics in
presence of NaCl, all three solutions ( NaCl, GdmCl and denatured protein in 5.5M
GdmCl) were programmed to mix to reach a final concentration of 5.5M GdmCl and 10

pg/ml protein concentration in a 80 pl cuvette

pH induced unfolding kinetic studies
For acid induced denaturation kinetic studies, 10 pug/ml protein was dissolved and
mixed in 20 mM glycine pH 2, 2.5 and 3 containing SmM DTE and the changing tertiary

structure of the protein was monitored at 360 nm and 320nm when excited at 295 nm.

Heat induced aggregation kinetics

Aggregation kinetics with variable pH was monitored at 80°C and 25°C by
monitoring light scattering by fluorescence spectroscopy with excitation and emission
wagelength at 360nm with excitation and emission slit widths of 5 nm each. 10 pyg/ml
protein was subjected to different pH conditions at given temperature with separate
20mM buffers for each case. (Phosphate at pH 2 and 2.5, Gly-HCI at pH3 and 3.5,
Acetate from 4-5.5, phosphate from 6-8, Tris at 8.5, Gly- NaOH from 9-10.5 and
carbonate at 11) and 20mM DTE. Same procedure was adopted for studying thermal
aggregation in presence of varying additives of polyols, PEGs, NaCl, glycine and their
methyl derivatives, TMAO, Arg, Proline etc.
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Aggregation kinetics while refolding from chemically denatured Human yD
crystallin

100 pg/ml protein was denatured in 5.5M GdmCl, 5SmM DTE for 6 hrs and then
rapidly diluted to 5 pg/ml final concentration in varying renaturation buffers.
Aggregation kinetics were observed in 20mM phosphate buffer, SmM DTE, pH7 at 25°C
by monitoring light scattering by fluorescence spectroscopy with excitation and emission

wavelength set at 360nm with excitation and emission slit widths of 2.5nm each.
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Expression, purification and characterization (Results & Discussion)

Chapter 3

Expression, purification and characterization of
Human yD crystallin
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Protein expression and purification studies were carried out essentially according
to already published work with slight modification (Flaugh et al., 2005 and reference

there in).

Expression of Human yD ecrystallin

Studies of protein expression have routinely been carried out with E. coli
BL21(ADE3)pLys strains as this strain is known to prevent the leaky expression of the
protein from the T7 promoter and facilitates the lysis of the cells to release the expressed
protein (Kruse et al., 1996). But the strain puts an extra pressure on cell growth due to the
presence of ampicillin and chloramphenicol as double selection markers. Human yD
crystallin was expressed in both E. col/i BL21(ADE3) and its pLys strain as hosts so as to
distinguish between the expression profile of the two strains. Both the hosts were found
to express the protein equally well with an added advantage of fast and larger biomass in
case of BL21(ADE3) strain, further expressions were proceeded with E. coli BL21(ADE3)
strains(figure 3.1). Analysis of the protein revealed a prominent band at ~20 kDa (lane 2
and 4 in figure 3.1) in the induced bacterial culture in comparison to the uninduced cell

lysates (lane 1 and 3 in figure 3.1).

1 2 3 4 M 5 6 7 8 kDa
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Figure 3.1: Expression of Human yD Crystallin in £. coli: lane 1 and 2- BL21(ADE3J)
uninduced and induced, lane 3 and 4 BL21(ADE3) pLys uninduced and induced, M-
molecular weight marker, lane 5 and 6- expression in LB medium (uninduced and
induced), lane 7 and 8-expression in TB medium (uninduced and induced).
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Media composition is crucial for recombinant protein production as it affects the
expression of recombinant protein in several ways. An ideal medium should be able to
support cellular growth to maintain high specific growth rates and finally give high
recombinant protein yields. As specific growth rate is a function of availability of
substrates, hence the availability of nutrients especially during the induction phase of the
cells is critical for recombinant yield (Covalt et al., 2005). The composition of media can
affect the specific growth rate of cells as well as the biomass yield. Thus it becomes an
important factor for recombinant protein production. Various strategies are reported
where media optimization improved production of recombinant protein (Niccolai et al,
2003, Tong et al, 2001, Li et al., 1994). We therefore studied the expression of yD
crystallin in different complex and highly enriched TB medium which usually promised
higher biomass in culture.

The culture was grown in TB medium untill it reaches an ODgy of 4 and
thereafter was induced by adding 1 mM IPTG. The cells were harvested 4hrs post
induction and samples were analyzed on SDS PAGE for the expression of YD crystallin.
The expression levels were also compared with those observed in LB medium. The
results showed that there was no significant change in the expression levels of the protein
in both the media (lane 6 and 8 in figure 3.1). Although the specific yield of the cells did
not change with media but the volumetric product yield obtained in TB medium higher
than that in LB medium. This increase in volumetric product yield was because of the
higher biomass achieved in TB medium. We therefore decided to use TB medium for the
production of recombinant Human yD crystallin for the purpose of conducting

aggregation, folding and stability studies.

Purification of Human yD crystallin

Expressed cells were centrifuged and resuspended in lysis buffer containing
protease inhibitor cocktails, DNase I and lysozyme. The mixture was then subjected to
sonication/French press to lyse the cells leading to release of expressed protein in soluble
form. Thus obtained protein mixture was then centrifuged again to get rid of cell debris
and other high molecular weight impurities. The 90% of the protein was recovered in the

supernatant.
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Gel filtration chromatography

Supernatant was collected and subjected to gel filtration chromatography on a

A B

VI

&l Sii [l 136 i

Figure 3.2: A. 12% SDS-PAGE analysis of fractions containing Human yD
crystallin. lanel. Sonicated cell lysate. lane 2-9. gel filtration eluted fractions
from peak I to peak V of elution profile. Lane 10. molecular weight markers (as
in fig. 3.1). B. Elution profile of gel filtration on superdex 200HR column. The
protein in the peak 5 of the gel filatration chromatogram is depicted in lane 9.

superdex 200HR FPLC column. Eluted protein fractions were analysed on the SDS-
PAGE for the presence of Human yD Crystallin. Intense bands of crystallin could be
observed along with few faint bands of high molecular weight contaminating proteins
indicating partial purity of the protein. Fractions enriched with relatively pure protein

were collected and used for further purification steps.

Cation exchange chromatography

Human vD crystallin has a pl of ~5.7 and has a network of charged residues on its
surface and therefore at acidic pH, it is sufficiently charged. Charged status of the protein
at acidic pH (pH 4.8) was therefore exploited further to purify and concentrate the protein
by cation exchange chromatography on SP sephadex C-50. A linear NaCl gradient was

applied on the column to purify the protein against remaining impurities (figure 3.3 A).



Expression, purification and characterization (Results & Discussion)
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Figure 3.3: Cation exchange chromatography of partially purified protein on SP- Sephadex C-
50 column obtained after gel filtration chroamtography. A. Elution profile and B. SDS-PAGE
analysis of Human yD crystallin protein fractions after a gradient of increasing NaCl
concentration was applied. Lane 1. molecular weight markers. Lanes 2-14 are the samples
containing crystallin at ~0.35M NaCl.
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Purified fractions of the protein (lane 12 in figure 3.3 B) were then dialysed

against 20 mM sodium phosphate buffer, pH 7, concentrated and quantified

spectrophotometrically. The protein stock was stored at 4°C and was ready for further

characterization.

Spectroscopic characterization of the purified Human yD crystallin
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Figure 3.4: Characterization of Human yD crystallin: A. Far UV-CD spectrum B.
fluorescence spectrum of Native protein in 10mM phosphate buffer and denatured
fluorescence spectra in 6 M GdmCl in phosphate buffer, pH 7, 25 °C. equilibrium
denaturation-renaturation curves in presence of GdmCl, pH 7,25 °C.

59




Expression, purification and characterization (Results & Discussion)

o B

= A o em—

< <

T 350 i !

27 2197,

g = ) O 1404 ¢ « refolding 320 nm

g " unfoldmg 320nm = i Iefolding 360 nm

0 2501 ; PN '

9 + unfolding 360 nm ém_ :

S 20- S

2 1 8 100

o) i

= 1504 g

= — 80
lm|v1';'l'v‘l'| T T T T T T

0 5 100 15 200 250 300 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min)

Figure 3.5: A. Human yD crystallin Unfolding kinetics in 5.5 M GdmCl and B. Refolding
kinetics in 1.5 M GdmCl, pH 7, 25 °C at wavelengths corresponding to native (320 nm)
and denatured state (360 nm).

Properties of purified protein were characterized and confirmed by CD and
fluorescence spectroscopy. Predominantly B sheet characteristics of the protein were
confirmed in far UV CD spectrum of the protein where a clear minimum at 218nm could
be observed (figure 3.4 A) (Pande et al., 2000). Since the protein did not have any
molecular signature for fluorescence, therefore a combination of fluorescence spectral
characteristics for both native and chemically denatured state was carried out to verify the
tertiary structural content of the protein. Nativity of the tertiary content was confirmed by
the emission maximum at 325nm in the fluorescence spectrum which corresponded to
quenched fluorescence characteristics of buried tryptophans (Kosinski-Collins et al.,
2004, Chen et al., 2006) which when completely exposed in chemically denatured protein
show its fluorescence spectrum red shifted with emission maximum at 355nm (figure 3.4
B). The reliability and the nativity of the protein was further supported by equilibrium
denaturation/renaturation profile (figure 3.4C), unfolding kinetics in 5.5 M GdmCl
(figure 3.5 A) and refolding kinetics of chemically denatured protein in 1.5 M GdmCl

(figure 3.5 B). All the spectroscopic characteristics were found similar to already
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published literature on Human yD crystallin thereby confirming the purity of recombinant
Human vD crystallin (Kosinski-Collins and King, 2003).
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Chapter 4

Effect of pH and NaCl on Human yD

crystallin denaturation and aggregation
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Thermal stability of Human yD crystallin

Human yD crystallin is a protein with a tightly packed hydrophobic core and
network of salt bridges on the protein surface to provide high thermodynamic stability
and greek key structure to provide kinetic stability against denaturation stress. When the
protein was subjected to thermal denaturation, onset of denaturation transition was found

to be at ~75°C (figure 4.1) suggesting a very high free energy barrier for protein
unfolding.
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Figure 4.1: Thermal denaturation transition of Human yD Crystallin in 10mM
phosphate buffer, SmM DTE , pH 7.

This also suggested that surface salt bridges are likely to be the major part of free
energy barrier for unfolding as most of the surface salt bridges at such high temperatures
must be broken to facilitate further hydrophobic solvation facilitating protein
denaturation. The thermal denaturation transition was observed to be very cooperative as
temperature range for complete transition was found to be only about 10 °C. This further
suggests that the major critical centers determining the protein stability must not be
dispersed all over the surface, because had this been the case, the denaturation transition
would have been less cooperative and would have covered a longer temperature range in

transition due to accumulation of intermediates. Instead a cooperative transition at high

63



Effect of pH and NaCl (Results and Discussion)

mperatures implicated that surface salt bridges might be among the prominent centers
"protein stability. Melting temperature of Human yD crystallin was found to be very
gh (~ 85 Q).

To further explore the stability of Human yD crystallin against high temperature,
1orescence spectra were recorded at every 5 °C increment of temperature (figure 4.2).
uorescence quantum yield was observed to decrease with increase in temperature which
rresponded to increase in buffer mediated quenching of buried tryptophans indicating
.increased dynamics of the protein. Spectral pattern was changed above 75 °C and was

ry different from the native spectra.
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Figure 4.2: Fluorescence spectra of Human yD Crystallin with varying temperature
( with every 5 ° increment) in phosphate buffer, pH 7 with A.,=295 nm.

At 80 °C, which is the onset of the thermal denaturation transition, fluorescence

ectra exhibited an emission maximum at ~325 nm and a prominent shoulder at ~355
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nm. This shoulder at 355 nm indicated solvent exposed tryptophans in the protein
suggesting the accumulation of partially or completely denatured conformational
ensembles. Further increase in temperature above 80 °C led to a significant change in the
spectral pattern and not much fluorescence quantum yield was obtained in the spectra
recorded. This was unexpected as temperature above 80 °C could only denature the
protein further leading to an increased solvation of exposed tryptophans and therefore
more prominent peak at ~355nm was expected. Since we were unable to explain this
sudden change in the spectral pattern, possibility of aggregation at 80 °C was investigated

by recording the scattering of the protein post aggregation by fluorescence spectroscopy.
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Figure 4.3: Heat induced aggregation kinetics of Human yD Crystallin at pH 7,
80 °C with 2.,;=360 nm and .picic,=360 nm.

Human yD Crystallin when subjected to 80°C was found to aggregate, reaching to
its maximum aggregation scattering intensity within 10 min (figure 4.3). The tendency of

the protein towards aggregation at 80 °C (which is the temperature of onset of
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denaturation) can be explained by the accumulation of partially denatured conformations
with their critical surface salt bridges broken but the compact hydrophobic core which is
still not loose enough for complete hydrophobic solvation. This tendency of the protein
towards aggregation is further enhanced by the slow unfolding kinetics of the protein
which facilitates the randomly moving partially unfolded conformational ensembles with
open hydrophobic patches to clump together. So, we can conclusively infer from this
observation that both kinetic and energetic factors are responsible for thermally induced
aggregation. Moreover, as completely denaturing high temperature conditions break open
through the surface interactions and lead to forced hydrophobic solvation, intermediate
temperature conditions are likely to facilitate aggregation in order to avoid hydrophobic
solvation.

Human yD crystallin during its life time is subjected to different kinds of
conditions each of which acts on the protein differently and target different forces
facilitating or disrupting the native conformation. Present studies were initiated with an
objective to explore appropriate conditions/osmolytes which have the potential to counter
the aggregation propensity of Human yD crystallin so as to obtain reversible conditions
where in the thermodynamics and kinetic characterization of the protein be made
feasible. Meanwhile, screening of such conditions/additives also provides an opportunity

to ascertain the role of various factors critical for the protein stability and folding.

Effect of pH on stability, folding and aggregation characteristics of
Human yD crystallin

Electrostatic network on the surface of Human yD crystallin render it soluble at
very high concentration and asymmetric distribution of surface charges leads to dipoles in
the proteins which are thought to be responsible for non-specific attractive interaction
amongst them (Purkiss et al., 2007). Both these intrinsic properties of the protein make it
more susceptible to aggregation Slight changes in these electrostatic forces could
therefore lead to the solvent exposure of the hydrophobic core. Thus, both high
concentration of the protein and attractive interaction amongst the protein molecules with
exposed hydrophobic patches favors aggregation. pH and salts have a marked effect on

the stability, solubility, structure and function of many globular proteins due to their

66



Effect of pH and NaCl (Results and Discussion)

ability to influence the electrostatic interactions (Hawe and Friess, 2007) and changes in
pH and ionic strength of the solvent can therefore be used to investigate the relative
contribution of the electrostatic interactions in determining protein stability. Human yD
crystallin was therefore subjected to conditions that promote aggregation at 80°C and
aggregation kinetics was monitored under varying pH conditions (figure 4.4). Heat
induced aggregation depicted a pH dependence and is maximum at pl of 5.7. Net charge
on the protein under physiological conditions at pH 7 must therefore be positive. This
may be due to unsatisfied charges on lysines and arginines present on the protein surface.
These unsatisfied charges might seem to compromise the stability of the protein but could
prove to be critical in determining proper protein solvation in order to maintain high
solubility. Better solvation then may lead to proper hydrophobic packing in the interior
leading to an increased protein stability compensating for the reduction in stability due to
unsatisfied charges. Though Human yD crystallin have attractive interaction among them,
nevertheless, unsatisfied charges on the protein could also be responsible for reducing the

aggregation tendency of the protein by surface charge repulsion under destabilizing

thermal conditions.
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Figure 4.4: Heat induced aggregation kinetics of Human yD Crystallin at 80°C in
varying pH conditions ( 1=360nm and Aepyision=360nm).




Effect of pH and NaCl (Results and Discussion)

Heat induced aggregation decreased on both sides of pl with an enhanced
aggregation around pH 8.5. Variation in pH protonates or deprotonates the residues
crucial for determining electrostatic interaction thereby perturbing the surface salt bridges
and leading to further protein denaturation by exposing the hydrophobic interior to the
solvent. This situation with high mobility of the destabilized conformation is expected to
promote aggregation but charge-charge repulsion between the protein surfaces counters
the aggregation tendency of the molecule. Thus a decrease in aggregation at both sides of
pl corresponds to increased repulsions between the charged surface of the protein.
Irregularities in aggregation at and around pH 8.5 can be tentatively allocated to free
Cysteines having pKa~8.5 as most of the Cysteines are partially or completely buried
which can lead to change in their respective pKa’s. The change in pKa of cysteine
residues however would be very less under destabilizing conditions where Cysteines are
solvent exposed. Change in pKa’s of the surface residues involved in salt bridges kind of
interaction can be another possible reason for abrupt increase in pH dependent
aggregation at pH 8.5. This would create a possibility where some critical ionic
gatekeepers, which are otherwise involved in surface salt bridges, might get disrupted to

abruptly enhance the aggregation tendency of the protein.
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Figure 4.5: Aggregation kinetics of Human yD Crystallin at 25 °C in acidic pH
conditions ( Ae=360 nm and A¢psion =360 nm).

68
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Thus, the pH dependent thermal aggregation information can be critical in determining
the critical surface salt bridges for protein stability as well as determining the role played
by the charged residues acting as ionic gatekeepers.

Knowing that the free Cysteines could facilitate aggregation at basic pH and the
protein is not prone to heat induced aggregation at and before pH 4, aggregation
propensity of the molecule at acidic pH was tested at room temperature. Acidic pH range
from pH 2 — pH 3 was found to be non- aggregating and stable at room temperature
(figure 4.5). At room temperature, protein though is destabilized at acidic pH with several
of its electrostatic interactions perturbed, yet protein-protein repulsion due to unsatisfied
surface charges dominate over clumping of hydrophobic patches. This aggregation
prevention is further facilitated by slow diffusion of the destabilized conformation. On
the other hand at high temperature conditions, pH mediated perturbation of the surface
electrostatic interactions are also facilitated by high kinetic energy of the solvent to force
hydrophobic solvation leading to further protein denaturation. This high energy solvent
mediated factors are absent at room temperature and therefore more extreme pH
conditions are required to introduce more charges on the surface for protein-protein
repulsion. Thus, solvent mediated entropic factors must play a crucial role in determining
aggregation propensity of the protein molecule under certain condition.

In order to further investigate the role of surface electrostatic interactions, non-
aggregating conditions at pH 2, 2.5 and 3 were found to be suitable to carry out
spectroscopic studies. Fluorescence spectral characteristics of the protein changed at
acidic pH. A clear red shift in the fluorescence spectra could be detected at acidic pH and
red shift increased with decreasing pH indicating the exposure of tryptophans to polar
and aqueous environment. Relative contribution of denatured state at 355 nm also
increased as a clear shoulder in the spectrum could be observed at pH 2 which indicates
pH induced increase in denatured conformations. Also fluorescence spectra at pH 3 was
very similar to that observed at pH 7 in contrast to that observed at pH 2 which is more
red shifted exhibiting an emission maximum at ~340 nm along with a shoulder at 355
nm. These characteristics indicate towards accumulation of partially denatured

intermediate states. Thus, there must be some critical electrostatic interactions being
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disrupted between pH 3 and pH 2, which may be responsible for abrupt changes in
observed spectral characteristics.

Thermal denaturation of yD crystallin at pH 2, 2.5 and 3 showed that protein at
this pH range is stable and has significant interactions enough to show thermal
denaturation transition (figure 4.6 B). The profiles at respective pHs’ indicate that there
are still some electrostatic interactions intact at pH 3, which further break down at
relatively lower pH (2.5 and at pH 2). Cooperativity of transition is decreased at pH 3 as
compared to that observed at pH 7 but increased at relatively lower pH conditions.
Decreased cooperativity of transition at pH 3 can be due to perturbation of those critical
surface salt bridges which determines the cooperative melting of the native states and
absence of which lead to accumulation of on/off pathway intermediates. For example,
perturbation of electrostatic interactions affecting domain-domain interactions directly or
indirectly may lead to differential melting transition of the two domains leading to an
increased accumulation of intermediates and therefore loss of cooperativity in the thermal
denaturation transition. At even lower pH values of 2.5 and at pH 2, there was an earlier
onset of denaturation at pH 2 than other higher pH conditions. Cooperativity of thermal
denaturation transition at pH2 and pH 2.5 were almost same. Cooperatvity of
_denaturation transition at these lower pH conditions is however more than that at pH 3
which indicates that energetically there must be at least two sets of salt bridges, one
which breaks down at pH 3 leading to an accumulation of more of the intermediates, and
the other which breaks down at even lower pH. More cooperative transition at pH 2
compared to that at pH 3 could be due to destabilization of both native and intermediate
states. Early onset of denaturation at these pH conditions can be explained by the
increased molecular repulsion due to the protein surface charges arising as a result of the
perturbed electrostatics which further facilitate protein denaturation with increase in
temperature. Normalized fluorescence intensity after transition shows negative
temperature dependence with an increasing slope with decrease in pH; which might be
due to an increased precipitation of the denatured protein.

The effect of surface electrostatic interactions in determining the kinetic stability
of the protein against unfolding can be understood by observing pH induced denaturation

kinetics. As could be observed in the figure 4.6 C & D, signals corresponding to native
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and denatured states did show altered pH induced unfolding kinetics. At pH 3, there was

an increase in native signal reflecting the decreased quenching of tryptophan fluorescence

due to partial unfolding of the protein. So, the surrounding water molecules and amino

acid residues as quenchers of tryptophan fluorescence are no more available at these

conditions. Denatured signal at 360 nm on the other hand was observed to be increased

slightly.
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Figure 4.6: A. fluorescence spectra and B. Thermal denaturation transition of Human yD
Crystallin in phosphate buffer at pH 7 and Glycine-HCI buffer at pH 2, pH 2.5 and pH

3. pH induced unfolding kinetics: unfolding at pH 2, 2.5 and 3, measured at C. 320nm and
D. at 360 nm respectively when excited at 295 nm.
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The observation matched with spectral changes at acidic pH suggesting
maintenance of most of the native tertiary structure at pH 3 (figure 4.6 A). Native
emission at 320 nm underwent a decrease at pH 2, which clearly indicated disruption of
electrostatic interactions necessary for maintaining the conformational integrity of the
protein. This was supported by a larger increase in 360 nm emission and a shoulder
emerging at 355 nm in fluorescence spectrum of the protein at pH 2. pH induced
denaturation kinetics at pH 2.5 was observed to be of intermediate characteristics
between that of pH 2 and pH 3. Attempts to fit the kinetics data with equations were not
successful due to precipitation problem and rates of unfolding therefore could not be
derived out of denaturation kinetics data. The data nevertheless suggested that pH
induced denaturation was qualitatively different at pH 3 than at pH 2 and different sets of
electrostatic interactions were getting disrupted in each case. These sets of electrostatic
interactions were however different in their role in determining characteristics of the
intermediate conformation. On one hand, interactions getting perturbed at pH 3 seem to
be critical in determining native tertiary contacts around tryptophans; those disrupted at
pH 2 seemed to be very critical in determining both energetic and kinetic stability of the
protein.

Thus, the changes in pH could effectively perturb electrostatic interactions that

were critical in determining both thermodynamic and kinetic aspects of the protein

stability.

Effect of NaCl on stability, folding and aggregation characteristics of
Human yD crystallin

As salts also influence the stability and structure of proteins, effect of NaCl on Human
yD crystallin upon thermal aggregation was studied. The effect did not follow a linear
concentration dependence (figure 4.7 A). While lower concentrations of NaCl could only
delay the heat induced aggregation, higher concentrations of NaCl lead to a faster and
more pronounced aggregation of the protein. NaCl effect on heat induced aggregation
indicates that electrostatic interactions present on the protein surface are crucial in
determining aggregation under thermal stress and respond differently to lower and higher

ionic strength of the solvent preferring lower levels (millimolar) of salt concentration.
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The delay in heat induced aggregation at lower concentrations of NaCl could be due to
screening of the unsatisfied charges on the protein surface leading to further
strengthening of the surface electrostatic interactions and therefore resisting heat induced
destabilizing effects. This delay of heat induced aggregation at lower NaCl concentration
suggest that surface salt bridges are important in determining not only thermodynamic
stability but may also provide kinetic stability against thermal unfolding or
destabilization of the protein. Higher concentrations of NaCl on the other hand could
screen even those charges which are involved in forming surface salt bridges opening the
protein interior to solvent and therefore heat induced destabilization would instead
facilitate aggregation of solvent exposed hydrophobic patches.

In thermal aggregation conditions protein has destabilized conformation with
increased configurational dynamics and solvent has high kinetic energy with high
entropy. Thus at higher temperatures, both increased conformational dynamics and
solvent entropy factors destabilize the electrostatic interaction. In order to understand
conformational entropy of the protein alone as a factor to favor/disfavor aggregation,
studies investigating the effect of NaCl on aggregation while refolding of chemically
denatured states at room temperature were conducted (figure 4.7 B). Thus the role of
solvent mediated entropy factors in disrupting the interactions or forced hydrophobic
solvation could be avoided.

Propensity of the heterogeneous conformations to aggregate while refolding the
chemically denatured state was more than that of those accumulating at higher
temperatures. Aggregation propensity of the folding protein was observed to be so high
and fast that slit width for detecting the fluorescence signal had to be reduced from 2.5
nm to 1.5 nm. This suggests that protein conformational heterogeneity when folded
native state is in kinetic competition with other conformational states is far more and
aggregation causing as compared to those when high solvent entropic factors at higher
temperatures determine the conformational heterogeneity and aggregation.

In studies on aggregation while refolding protein from chemically denatured state,
presence of NaCl could not effectively delay or counter the protein aggregation under

folding stress. In fact, lower concentrations of NaCl enhanced aggregation, that too
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within dead time of recording aggregation kinetics. This emphasizes that though

electrostatic interactions and tertiary contacts in the form of surface salt bridges are more
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Figure 4.7: A. Heat induced aggregation kinetics of Human yD Crystallin at 80°C in varying
concentrations of NaCl. B. Aggregation kinetics of Human yD Crystallin at pH7, 25°C while
refolding from chemically denatured state in varying concentrations of NaCl ( A=360nm
and Aemission=360nm). C. Thermal denaturation transition of Human yD Crystallin in varying
concentrations of NaCl.
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likely to be formed at the later stages of folding after establishing proper secondary
structural framework, disturbance of some of these electrostatic interactions in presence
of NaCl could effectively lead to an enhanced aggregation. Such interactions might
therefore be playing critical role in determining the folding trajectory of the protein at
relatively earlier stages. Presence of NaCl could only lead to an enhancement in
aggregation while refolding chemically denatured state. This enhancement however did
not follow concentration dependence. While lower concentrations of NaCl enhanced
aggregation, relatively less enhanced aggregation was observed at higher concentration of
NaCl. Low concentration of NaCl could interfere with crucial electrostatic interactions to
put folding polypeptide towards aggregating conformations. High concentrations of NaCl
could lead to screening of all the charges which might disrupt even those electrostatic
interactions which would lead the folding pathways towards off-pathway aggregating
intermediates. Possible screening of such charges could relatively reduce the aggregation
propensity of the refolding protein at high concentrations of NaCl. Thus, different
electrostatic interactions of the protein could prove to be critical in determining the
alternative routes of folding pathways by determining both on- and off-pathway
intermediates selectively.

Aggregation intensity of the protein while folding as well as when induced at high
temperature show different patterns at low and high NaCl concentrations addressing
different sets of interactions. In order to further investigate the kinetic significance of
electrostatic interactions against thermal and chemical induced unfolding stress, protein
was subjected to unfold at 95 °C (figure 4.8) and 5.5 M GdmCl (figure 4.9) separately in
varying concentration of NaCl and their respective unfolding kinetics was observed. A
clear concentration dependence in both modes of unfolding could be detected which like
in aggregation studies did not follow a linear trend. Like in thermal aggregation, lower
concentrations of NaCl could slow the rate of unfolding but lead to an enhanced rate of
unfolding at higher NaCl concentration. This further confirmed that surface electrostatic
interactions might provide kinetic stability to the protein which gets further strengthened
at lower concentrations of NaCl leading to a slower rate of unfolding against chemical
and thermal stress. The same interactions get disrupted by charge screening at higher

concentration of NaCl leading to an enhanced rate of unfolding. The aggregation
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enhancement at high NaCl concentration could however be also due to its salting-out

effects because at high concentrations salts and the protein compete for solvation water

(Kirkwood, 1943)

- ! B
20- 1\
£ 2w E w4 1}
8 80 3 \
180 4
© D 204 A\
5 150 5] )| — oM\l
2 2 \
3 140 @ 200-
[0} Q .
€ 120 b=
= ] " 150+
8 100 3
g g
§ m~ L4 100+
£ o -
é 404 &= 50+
20 0-
0 T T T T T T T 1
0 20 4 6 8 10 120 140
time(min.)
£ C £ .| D
c 124 c 1.2
o o
N [(e}
(52} (s2]
® ® 10-
1.04 !
2 =
(72} (72}
UCJ 5 08
€ 084 =S
| =4 { = 064
8 o6 3
(72} (7]
g s
3 S 044
&= 044 =
o kel
[0] O
@ @ 02-
© ©
02+
£ E
- 2 004
oo T % T € T T 1 1 1 T W W I f 1 T L. ) 1 1
0 20 40 60 8 100 120 140 0 20 40 6 8 10 120 140

time(rmin.)

time(min.)

Figure 4.8: Thermal unfolding kinetics of Human yD crystallin at 95°C recorded at A. 320nm
and B. at 360nm. C & D. Thermal unfolding kinetics obtained after normalizing fluorescence

intensity in each case.
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Concentration dependent anomaly on protein aggregation and unfolding kinetics

prompted us to investigate the effect of NaCl on protein stability to see whether or not

anomaly shows its pattern in melting transition too or not. So, the thermal denaturation

transition of the protein was conducted at different concentrations of NaCl. Mid transition

temperature of the thermal denaturation transition was observed to decrease with

increasing concentration of NaCl. Thus, screening of the charges and therefore disruption

of electrostatic interactions lead to reduced protein stability and there was no

concentration dependent anomaly, though a linear concentration dependence was not

observed. This was in contrast to the effect of NaCl on aggregation tendency and

unfolding rate of the protein.
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Figure 4.9. Early events of unfolding kinetics in 5.5M GdmCl in varying
concentrations of NaCl.

Thus, the electrostatic interactions seem to affect protein stability, folding and

aggregation in different ways. On one hand electrostatic interactions seem to be critical in

determining protein stability (as is revealed by decreasing T, with increasing

concentrations of NaCl); on the other hand surface electrostatics at lower concentrations
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of NaCl seem to get kinetically strengthened to counter heat induced unfolding and
aggregation. Similar NaCl concentrations however promote aggregation while refolding
chemically denatured state, possibly by interfering with the critical electrostatic
interactions of the on-pathway intermediates.

Small Angle X-ray Scattering (SAXS) studies dealing with effect of ionic strength and
protein concentration on protein self interactions have revealed that variation in ionic
strength can be a good tool to modulate long range and short range protein self
interactions leading to alteration in its stability. The competition between long-range
attractive and short-range repulsive interactions in varying ionic strength of the aqueous
solution have already been reported in case of BSA protein to bring alteration in its
stability (Zhang et al., 2007). Human yD cryatallin is known for its long range attractive
order among itself and the order is of electrostatic in nature. Presence of NaCl could
modulate this electrostatics to alter the long range interactions and therefore could disrupt
the interactive order. Any attempt for a charged molecule to be utilized as crystallin
stabilizer should be used with caution is it could interfere with the interactive order of
crystallin.

Human yD crystallin is enriched with surface electrostatics with residues like
arginine, lysine and proline along the hydrophobic sequences at almost regular interval.
Naturally occurring aggregating-prone hydrophobic sequences are selectively capped
with charged residues called “gatekeeper residues” (Rousseau et al., 2006). The structural
gatekeepers are reported to have significant effect on the protein folding as it is found
that when gatekeepers are eliminated, the thermodynamic signature of a folding
intermediate emerges, and a marked decrease in folding efficiency is observed
(Korepanova et al., 2002; Pedersen et al., 2004; Rousseau et al., 2006; Matysiak et al.,
2006). The gatekeepers are found to have distinct functions and guide the folding and
time-dependent packing of secondary structure elements in the protein. Thus individual
gatekeeper residues may thus play a large role in guiding proteins through different
folding pathways (Otzen, 2005). They avoid kinetic traps during folding by favoring the
formation of "productive topologies" on the way to the native state (Stoycheva et al.,
2004). They are also important in determining chaperone selectivity for strongly

aggregating regions. Meanwhile, large-scale modulation of thermodynamic protein
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folding barriers can be linked to electrostatics as evidenced by the recent reports like in
case of alpha-lactalbumin, where stabilization of partially unfolded conformations by
electrostatic interactions fact lead to relatively smaller thermodynamic folding barrier
(Halskau et al., 2008). This modulation is absent in other proteins like lysozyme indicate
that electrostatic surface interactions might be utilized for the modulation of folding
barriers in response to special functional requirements within a given structural fold.
Human yD crystallin is also provided with such surface electrostatics with gatekeeper
residues, alteration in their charges or protonation status could therefore bring changes in
stability and aggregation characteristics of the molecule.

Thus the studies dealing with pH and NaCl and their effect on aggregation, folding
and stability suggest that electrostatic interactions on the surface of Human yD crystallin
play important role in determining its free energy barrier towards unfolding as well as in
smoothening kinetic barrier of the folding polypeptide.

Human yD crystallin is known to be a calcium binding protein with 90 pM
affinity (Rajini et. al., 2002). The observation that free calcium is found in cataractous
lenses, they seem to be necessary for the protein to remain soluble at its high
concentration. Thus, the calcium binding property of the protein is expected to influence
its response to different solvent conditions. So to find out whether or not the calcium
binding property of the protein could rescue it against its aggregating tendency against
thermal stress, the protein was subjected to heat induced aggregation at 80 °C in presence
of CaCl,. Presence of CaCl, was found to delay as well as suppress the thermal
aggregation of the protein (figure 4.10). This indicated that the presence of calcium could
enhance the thermodynamic and kinetic stability of the protein against thermal stress.
Calcium binding sites on the protein are not known to have charged residues on the
protein surface and calcium binds through polar but uncharged residues. The fact that the
ion-protein interaction can be both charge-dependent and charge-independent (Ciferri,
2008) and that the protein surface electrostatic interactions and protein hydration are
coupled aspects, there exists a possibility that together these aspects could determine both
protein solubility and stability. Thus, there exists a strong possibility of connection
between calcium binding sites and surface electrostatic interactions and the two

combining together to alter stability and solubility characteristics of the protein.
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Figure 4.10: Heat induced aggregation kinetics of Human yD Crystallin in
phosphate buffer pH 7 at 80 °C, in varying concentrations of CaCl; (A =360

nm and Aepission=360 nm).
Therefore the delay and suppression of thermal aggregation observed in presence of

calcium might be due to the calcium mediated indirect support to protein surface
electrostatic interactions and to protein hydration thereby leading to enhanced protein

stability and solubility. Further experiments are needed to support or defy this hypothesis.
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Chapter 5

Effect of some cosolvents [amino acids &
their derivatives, poly(ethylene)glycols
and polyols] on Human yD crystallin

aggregation
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Effect of amino acids on thermal aggregation of Human yD crystallin
Arginine, Proline, TMAO, Glycine and its methyl derivatives etc. are known to
effect protein’s conformation in different ways. While some of these like TMAO, Proline
Sarcosine, Betaine etc. are known for their preferential hydration of the protein’s surface
leading to its stabilization (Auton et al., 2008; Wang and Bolen, 1997, Taneja and
Ahmad, 1994; Arakawa and Timasheff, 1985); some like Arginine are “neutral crowders”
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Figure 5.1: Aggregation kinetics of Human yD Crystallin at 80 °C, pH 7 in varying
concentration of A. glycine and its methyl derivatives B. Sarcosine C. DMG and
D. Betaine( A =360 nm and Anysion=360 nm).

having very small effect on free energy of protein molecules (Baynes et al., 2005;
Tsumoto et al., 2005) and suppress heat induced protein aggregation( Arakawa et al.,
2006). Effect of these charged cosolvents on an aggregation prone Human yD crystallin

having Greek key domain is still not explored.



Effect of some cosolvents (Results & Discussion)

When the protein was subjected to heat induced aggregation, the presence of
glycine could delay and suppress aggregation by ~75 % at 1.8 M (figure 5.1 A). Higher
concentration of glycine could not be tried because of its solubility problems. In order to
explore that how high temperature conditions can possibly be modulated by increasing
hydrophobic character of the charged cosolvent, effect of methyl derivatives of glycine
on thermal aggregation was investigated. It was observed that presence of Sarcosine
could also delay and suppress aggregation and could completely inhibit it at 2 M
concentration (figure 5.1 B). This way Sarcosine was proved to be a better stabilizer than
Glycine both in delaying the onset and suppression of thermal aggregation. Thus,
prevention of thermal aggregation by both Glycine and Sarcosine can be explained by
their effective stabilization against thermal unfolding both energetically and kinetically.
This is because thermodynamic stabilization could be achieved by preferential hydration
and the kinetic stability could be improved by preventing rate of protein unfolding. Also,
overall aggregation could be restricted by preventing protein-protein interaction between
partially denatured conformations through steric exclusion.

Presence of dimethyl glycine (DMG) could suppress the thermal aggregation only
moderately but was not affective against onset of aggregation (figure 5.1 C). This might
be because DMG could not affect the rate of unfolding to expose hydrophobic patches
but could effectively counter protein-protein interaction by binding to already exposed
hydrophobic patches. Thus cosolvents seem to address kinetic and energetic factors in a
different ways with DMG being moderately affective against energetic factors only.
Thus, with Sarcosine being more effective than Glycine, increasing hydrophobicity of the
cosolvent is found to be effective against thermal aggregation. But the observation that
DMG is less effective than both glycine and sarcosine in preventing thermal aggregation,
it can be postulated that there must be a threshold hydrophobic content in the molecule to
effectively inhibit different stages of thermal aggregation.

When Betaine (a higher member of the methyl substituted glycine series) with
three methyl groups was used against thermal aggregation at 80 °C, it was not found to be
affective against thermal aggregation, instead its presence lead to enhanced aggregation
(figure 5.1 D). The enhancement in aggregation though was not in a concentration

dependent manner. Betaine at lower concentration lead to enhanced net aggregation with
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more or less no effect on onset of aggregation which suggest that rate of protein
unfolding at higher temperature remain almost unaffected but betaine could facilitate
protein-protein interaction by acting as bridge between already formed hydrophobic
patches. Charged status of betaine here could screen free charges on the protein surface
(formed by disrupted electrostatic interactions at high temperature), thus facilitating
factors associated with hydrophobic aggregation. However, at high concentration, steric
exclusion of the free betaine molecules in the solvent (which remain unbound to partially
denatured protein) could interfere with protein-protein interaction, leading to a relative
decrease in thermal aggregation.

TMAO is known to stabilize proteins against denaturation stress by preferentially
hydration of the native protein (Wang and Bolen, 1997). At the same time studies
reporting pH dependent stabilization/destabilization by TMAO has also been reported
(Singh et al., 2005) which indicate stabilization by TMAO may or may not extend to
every condition or conformation. In order to investigate how this stabilizing molecule
would respond at high temperature mediated aggregating conditions and whether
stabilizing behavior of TMAO would extend to heterogeneous non-native aggregating
conformations too, Human yD crystallin was subjected to thermal aggregation conditions
in the presence of varying concentration of TMAO.

Presence of lower concentration of TMAO could only delay the onset of
aggregation (figure 5.2 C) which indicates that the cosolvent could possibly slow down
the rate of thermal unfolding which could be due to known preferential hydration effect
of TMAO on the protein. Presence of higher concentration could affectively suppress the
thermal aggregation and complete suppression could be possible at 4 M TMAO.
Complete suppression of thermal aggregation here can be explained by both stabilization
of the native state against thermal unfolding by preferential hydration and inhibition of
protein-protein interaction by TMAO remaining free in the solvent and sterically
excluding the interacting proteins. The ability of TMAO to suppress thermal aggregation
coincides with its natural compatibility towards proteins as it is reported to have no effect
on the strength of hydrophobic interactions (Athawale et al., 2005). This could avoid
possible interference with hydrating property of TMAO under denaturing conditions.

Studies with Sarcosine, Betaine and TMAO preventing the thermally induced
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aggregation of Serpins have been previously reported (Chow et al., 2001). Our results
with Sarcosine and TMAO coincide with these reports but Betaine is unable to suppress

aggregation. Glycine has no methyl group, Sarcosine has only one, Dimethylglycine has
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Figure 5.2: Aggregation kinetics of Human yD Crystallin at 80°C, pH7 in varying
concentration of A. Proline B. Arginine and C. TMAO ( A¢,=360nm and Aepision=360nm).

two and Betaine having three methyl groups. High hydrophobic content of betaine with
three methyl groups could lead to its binding to protein which at high temperature might
not facilitate its otherwise hydration or exclusion properties to bring down aggregation.
Had the sole criteria behind aggregation suppression be having less of hydrophobic

content Glycine would have been the best aggregation suppressor as it has minimum
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hydrophobic content. But Sarcosine is better aggregation suppressor than glycine.
Therefore, both the charged status and the hydrophobic content together determine
whether the molecule would be an aggregation suppressor or an aggregation enhancer.
These observations also support the fact that exclusion and preferential hydration of the
protein by cosolvents depends on interactions between the protein surface and the
cosolvent, and must respond differently to polar and non polar surface areas of the
protein (Auton and Bolen, 2005; Singh et al., 2005).

Proline is also known among the amino acid cosolvents to prevent aggregation
both in vitro and in vivo and is believed to act through a combination of solvophobic
backbone interactions and favorable side-chain interactions that are not specific to a
particular sequence or structure (Ignatova and Gierasch, 2006; Kar and Kishore, 2007).
Lower concentration of Proline could not affectively act against thermal aggregation
(figure 5.2 A). It was only at 2 M that its presence could suppress aggregation
significantly and complete suppression could be observed at 4 M concentration. Thus, on
one hand backbone solvophobic property could lead to native state stabilization of the
protein, on the other hand favorable side chain interaction of the proline could interact
with side chains of partially exposed hydrophobic patches to interfere with protein-
protein interaction. Both these properties of proline when combined together enable it to
avoid protein-protein interaction meanwhile favoring compact and less aggregation prone
states to bring down heat induced aggregation.

Arginine is another amino acid which is commonly used to prevent aggregation
while protein refolding to increase refolding yield. Presence of arginine could suppress
thermal aggregation very efficiently and a complete suppression was observed at 0.4 M
concentration (figure 5.2 B). Thus, on subjecting protein to high temperatures in the
presence of these amino acids, Arginine was found to be the most effective amino acid
against the heat induced aggregation. Sarcosine could completely suppress aggregation at
~ 2 M concentration. While betaine could not lead to any suppression in aggregation,
DMG even at 3 M could not completely suppress, Glycine was partially effective at ~ 2
M and Proline and TMAO did succeed in preventing aggregation completely but only at
higher concentration of 4 M. Thus, the order of effectiveness of these cosolvents to

suppress preventing heat induced aggregation completely was determined to be Arginine
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> Sarcosine > Proline ~ TMAO.

Arginine is the most effective amino acid against aggregation against thermal
stress indicates that their property of forming molecular clusters (Das et al., 2007) might
be playing an important role in enhancing their efficacy in countering thermal
aggregation as rest of the amino acids like betaine or TMAO are not reported to show any
hydrophobic self-association behavior in aqueous solution or form molecular clusters
(Paolantoni et al., 2006). These molecular clusters of Arginine are neutral and relatively
bigger in size and therefore result in better steric exclusion of the protein surface which
acts against protein-protein interaction. Thus, Arginine inspite of not being a protein
stabilizer (like TMAO, Sarcosine etc.), could possibly suppress heat induced aggregation
by avoiding protein-protein interactions with its molecular cluster forming property.

Thus Arginine is distinguished from other amino acid aggregation suppressors in
the aspect where self associating cluster forming tendency makes it a good cosolvent to
be used in vitro. But TMAO and glycine derivatives remain the choice in vivo as the
absence of hydrophobic behavior in the aqueous solution make them more compatible
and non-interfering with biochemical processes in the cell even if they exist at high

concentrations (Paolantoni et al., 2006).

Effect of series of polyethylene glycols and polyols on aggregation of
Human yD crystallin

Polyethylene glycols are known for their crowding effects and have varying
hydrophobic chain lengths. They tend to preferentially exclude the protein surface
Arakawa and Timasheff, 1985; Lee and Lee, 1987). Preferential exclusion of PEGs from
proteins is due principally to the steric exclusion of PEG from the protein domain,
although favorable interactions with protein surface residues, in particular nonpolar ones,
may compete with the exclusion (Bhat and Timasheff, 1992; Arakawa and Timasheff,
1985). These thermodynamically unfavorable preferential exclusion interactions lead to
the action of PEGs as precipitants, although they may destabilize protein structure at
higher temperatures. In our experiments with polyethylene glycols (PEGs) on thermally
induced aggregation of Human y D crystallin (figure 5.3), PEG 400 was found to be most

effective against heat induced aggregation. PEG 200 was also effective and could
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completely suppress the thermal aggregation but was found to be lesser effective than
PEG 200. Higher members of the PEG series- PEG 1000, PEG 3350 and PEG 8000 were
not effective against thermal aggregation at all. Also, the presence of some higher
molecular weight PEGs (PEG 8000 and PEG 3350) lead to an enhanced thermal
aggregation (figure 5.3 D & E).

Polyethylene glycols are the polymers of ethylene glycol. On comparing the effect
of ethylene glycol with polyethylene glycols on thermal aggregation, while Ethylene
Glycol was able to suppress thermal aggregation completely at 2.5 M (figure 5.5 A), PEG
200 could do the same at ~1 M and PEG 400 even at lower concentration of ~0.6 M, PEG
1000 being almost neutral towards thermal aggregation, and PEG 3350 and PEG 8000
enhanced aggregation. This indicates that the molecular lengths of PEGs are critical in
determining aggregation behavior of the protein at higher temperature where the
hydrophobic patches of the protein are all exposed. Providing these open hydrophobic
patches with high hydrophobicity of larger chains of PEG 3350 and PEG 8000 could only
further facilitate bridging of the partially unfolded protein. On the other hand, small chain
size members with relatively lesser hydrophobicity could avoid this intermolecular
bridging or aggregating effect under high entropic conditions of high temperatures
leading to reduced thermal aggregation of the protein. This is also supported by
observation from other members of the polyol series which are hydrophilic, small in size
and chemically neutral in nature and could effectively counter the high temperature
aggregating conditions (figure 5.5). Thus the heat induced aggregation is well countered
by molecules of intermediate hydrophobic characteristics, intermediate size and high
hydrophilic content.

PEG size dependence on thermal aggregation effect can be explained by its
increasing hydrophobicity with increasing size. This coincides with water's increasing
hydrogen bonding propensity with increasing hydrophobic characteristics of the molecule
which also follow the temperature dependence of the hydrophobic effect (Xu and Dill,
2005). The fact that dissolving a nonpolar solute in hot water has positive impact on its
entropy also supports the observation that aggregation increased with PEG’s increasing

size and hydrophobicity. This was expected because increased entropy would only
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facilitate the aggregation propensity of the hydrophobic patches on the protein due to

increased diffusion rate of the protein at high temperature conditions.
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In order to discriminate between the aggregation propensity of the protein under
thermal stress and while refolding, and to find out how increasing hydrophobicity with
increasing size of PEG molecule is able to address the two forms of aggregation, protein
was subjected to aggregation while refolding chemically denatured protein under native
conditions in presence of PEG. Results with Polyethylene Glycols on aggregation while
refolding chemically denatured protein revealed that none of the polyethylene glycols
(except by PEG 200 at high concentration with very less aggregation suppression) could
effectively counter the aggregation while refolding, while some of the higher molecular
weight members even enhanced the aggregation (figure 5.4). Comparison of thermally
induced aggregation with aggregation while refolding and the effect of polyethylene
glycols therein suggests that temperature induced high entropy conditions could be
effectively countered by lower members of the PEGs which were small (but larger than
Ethylene Glycol) and not too hydrophobic to bind to the partially unfolded protein and in
the process got effectively excluded; on the other hand while refolding from chemically
denatured state PEGs did not get effectively excluded from the protein surface in absence
of such high entropy. Presence of far more heterogeneous and kinetically competing
conformations (with open hydrophobic patches) in case of refolding (than under thermal
stress) could only add into inefficiency of hydrophobic PEGs to suppress aggregation.

Polyol co-solvents such as glycerol increase the thermal stability of proteins
(Tiwari and Bhat, 2006; Haque et al., 2005; Kaushik and Bhat, 2003; Gekko and Koga,
1981, 1982), are able to counter thermal induced aggregation (Singh et al., 2004, Mishra
et al., 2007) and act as chemical chaperone to prevent aggregation while a protein is
refolding (Mishra et al., 2005; Yu and Li, 2003). Our experiments in the presence of
members of the Polyol series and their effect against thermal aggregation, sorbitol was
found to be most effective member suppressing thermal aggregation at 1 M concentration
(figure 5.5). Ethylene glycol could completely suppress aggregation at 2.5 M. The effect
could be due to ethylene glycol mediated destabiliastion of the protein bringing protein to
non-aggregating region in thermal transition thereby leading to less aggregation. For
other polyols, complete thermal aggregation by 3M Glycerol, 2M erythritol, 2M xylitol
and 1M Sorbitol could be acheived. Thus, with exception of ethylene glycol, increase in

the numbers of hydroxyl groups in the polyols lead to increased suppression of thermally
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induced aggregation.

These observations suggest that more hydrophilic characteristics of the
chemically neutral polyols facilitate their protein’s hydration and exclusion property to
effectively facilitate thermal stability of the protein. Previous reports that the presence of
polyols could induce structure into the unstructured segments of the protein (Kumar et
al., 2007) and favor structure formation in loosely structured folding intermediates to
facilitate protein folding (Mishra et al., 2007) further strengthens and supports our
conclusion about the effectiveness of polyols to counter aggregation propensity of the
protein. Polyols and its protein excluding and hydrating characteristics can be safely

utilized to counter aggregation of Human yD crystallin.
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Critical role of the surface salt bridges and electrostatics of Human yD crystallin is
already established in determining its attractive interaction order within itself. The pH
and NaCl experiments conducted by us could further establish their importance and
involvement in determining various aspects of protein stability. The observation of high
mid point of transition temperature (7;,) during thermal denaturation, high mid point of
denaturant concentration (Cy,) during equilibrium denaturation by GdmCl and delay .in
onset of thermally induced aggregation at low concentration of NaCl further indicate their
possible role and importance in altering protein stability. Effect of NaCl on aggregation
while refolding indicated the possibility of an interplay of molecular charges in
determining the on- and off- pathway intermediates which could effectively alter the
folding trajectory of the protein. pH and NaCl effects thus could help us figure out the
possible role of electrostatic interactions in determining folding and stability associated
factors of Human yD crystallin.

Presence of proline and other ionic gatekeepers, tight packing density of the
hydrophobic greek-key domain with high kinetic barrier for folding and buried cysteines
are all important components governing the aggregation propensity and the kinetic
aspects of the Human yD crystallin stability. This is further evident by the observation
that aggregation while refolding is faster and more pronounced than thermally induced
aggregation which again explains the fact that a protein in presence of significant kinetic
barrier (to bring non-local secondary and tertiary contacts of a geek key structure in
place), in absence of proper folding or assistance of chaperones, is highly prone to
aggregation. High hydrophobic content of the core of Human yD crystallin in presence of
molecular heterogeneity during folding could only increase the aggregation propensity of
the molecule.

Use of cosolvents and investigation of their effect on protein aggregation is an
important tool to explore the characteristics of the aggregation prone protein and the
factors governing it. Arginine which can form supra-molecular assemblies was the most
effective among the amino acids studied against thermal aggregation. The effect is a
strong indication towards steric exclusion as an important factor in determining the
aggregation suppressing ability of a cosolvent molecule. Meanwhile, aggregation

experiments in the presence of glycine and its methyl derivatives clearly suggest the
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criticality of both charge and the hydrophobic content of the cosolvent molecule in
determining its effectiveness against protein aggregation.

Aggregation in the presence of polyethylene glycols revealed that thermally induced
aggregation was well countered by polyethylene glycols with intermediate hydrophobic
characteristics and intermediate molecular size. This effect of polyethylene glycols
however could not be observed on aggregation while refolding from a chemically
denatured protein. This implies that steric exclusion may be an important factor in
determining aggregation suppressing efficiency of the cosolvent but there must exist a
threshold and a limit to its hydrophobicity. Under aggregating conditions, molecules with
hydrophobicity above a threshold are likely to disrupt the hydrophobic core of the
protein. On the other hand cosolvents with high hydrophobicity could also act as a bridge
between already formed hydrophobic patches. The limit in hydrophobicity therefore
ensures the neutrality of the cosolvent towards hydrophobic aggregating conformations.

Polyols are known for their preferential hydration of the protein. Effectiveness of
polyols in preventing thermally induced aggregation further strengthened their
preferential hydrating and stabilizing ability to counter high entropy conditions of
thermal stress. More the number of hydroxyl groups in the polyols and larger their sizes,
more was their effectiveness against thermal aggregation. Thus increasing size of the
polyols and their number of hydroxyl groups were found to be directly proportional to
steric exclusion and hydration of the protein respectively.

The studies therefore indicate towards a combination of properties like steric
exclusion, hydration and the cosolvents’ ability to weakly interact with the protein (on the
basis of charges and hydrophobicity of cosolvent and the protein) as some of the
properties which a cosolvent molecule should possess in order to prevent Human yD

crystallin from destabilization or aggregation.
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