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Abstract

Liquid-liquid phase separation (LLPS) phenomena have contributed immensely to the field of
cell biophysics and cell biology in providing rational answers to the process of formation of
membraneless organelles. These membraneless organelles play a vital role in understanding
the origin of life in terms of cellular compartmentalisation. An increasing number of proteins
and protein-nucleic acid mixtures has been shown to undergo LLPS at high concentrations
forming two liquid phases - a protein-rich phase and a phase with diluted protein concentration.
The tendency of LLPS to concentrate proteins comes with an added danger of aggregation,
however, which is an issue in many human diseases such as amyloid formation in Alzheimer's

disease or synuclein plaques in Parkinson's disease.

High Hydrostatic Pressure (HHP) is a sophisticated tool to yield novel information on the free-
energy and conformational landscape of biomolecules. Further, Earth being a predominantly
high-pressure region makes it imperative to use this tool to understand the adaptability of
piezophiles. However, the combined effect of LLPS and HHP on biological reactions and
cellular processes, such as enzyme kinetics and ligand binding, has yet not been experimentally
determined. A part of the thesis explores the combined effects of an aqueous two-phase system
(ATPS) formed by the synthetic polymers polyethylene glycol (PEG) and dextran invoking
LLPS and pressure on the enzymatic hydrolysis reaction of the substrate AAF-AMC catalysed
by the proteolytic enzyme a-CT. In general, ATPS affects the enzymatic reactions in a variety
of ways, such as partitioning in different or the same phases, increasing the effective
concentration of solutes and thus inducing an excluded volume effect. Pressure, on the other
hand, can increase the reaction rate and, alter the substrate specificity and stereoselectivity of
an enzyme by choosing the product with a smaller partial volume, increases conformational
flexibility. In this work it was observed that HHP did not have any marked effect on the kinetic
constants in the ATPS, which was not possible to explain by simple steric crowding. Additional
contributions, such as changes in water activity and non-specific weak interactions with ATPS
components have to be considered to explain the results obtained. These results are important
for understanding the use of LLPS and ATPS in modulating an enzymatic reaction for

biotechnological use.

The other part of this thesis focusses on the combined effects of pressure and ATPS on a ligand
binding reaction, i.e., on the binding phenomenon between Bovine Serum Albumin (BSA) and
1-anilino-8-naphthalene (ANS) which was monitored through fluorescence spectroscopy. The
results indicate that unlike buffer where the binding affinities to the three equivalent and

independent binding sites of BSA could not be distinguished, the presence of ATPS gives rise



to two binding modes, thus allowing to differentiate between weak and strong binding of the
three sites. This result can be explained by considering soft interactions between the binding
sites on BSA with the crowder molecules, such as PEG and dextran. Upon pressurization, the
binding affinities of all binding sites decrease, which can be due to the unfavourable effect of
pressure on hydrophobic interactions as well as a volume change due to release of water
molecules and creation of void volume upon binding. These results also demonstrate that
pressure dependent studies are able to reveal differences in binding sites of ligands, owing to
the high accuracy by which volume changes can be determined.



Zusammenfassung

Das Phanomen der liquid-liquid phase separation (LLPS) hat einen wesentlichen
Beitrag zur Zellbiophysik und Zellbiologie geleistet, indem es Antworten auf den
Bildungsprozess membranloser Organellen lieferte. Diese membranlosen Organellen
spielen eine entscheidende Rolle fiir das Verstandnis des Ursprungs des Lebens im
Hinblick auf die Zellteilung. Es wurde gezeigt, dass eine zunehmende Anzahl von
Proteinen und Protein-Nucleinsaure-Mischungen LLPS in hohen Konzentrationen
eingehen, wobei zwei fliissige Phasen gebildet werden - eine proteinreiche Phase und
eine Phase mit verdinnter Proteinkonzentration. Die Tendenz zur LLPS, kdnnte
zusatzlich zur Aggregationen ftihren, die das Hauptproblem bei vielen Erkrankungen
des Menschen ist, wie die Amyloidbildung bei Alzheimer oder Synucleinplaques bei

Parkinson.

Die Nutzung hohen hydrostatischen Druckes (High Hydrostatic Pressure, HHP) ist eine
hochentwickelte Methode zur Untersuchung der freien Energie und der
Konformationslandschaft von Biomolekilen. Viele Regionen der Erde stehen
vorwiegend unter hohem Druck. Daher spielt die Untersuchung dieses Parameters fiir
das Verstandnis vieler biologischen Systeme, wie z.B. die Anpassungsfahigkeit von
Piezophilen, eine wichtige Rolle. Die kombinierte Wirkung von LLPS und HHP auf
zellulare Prozesse wie Enzymkinetik und liganden bindung, wurde jedoch noch nicht
experimentell bestimmt. Ein Teil dieser Arbeit erforscht die kombinierten Effekte eines
wassrigen Zweiphasensystems (Aqueous Two-Phase System, ATPS), das aus den
synthetischen Polymeren Polyethylenglykol (PEG) und Dextran besteht, LLPS und
Druckes auf die Hydrolysereaktion des Substrates AAF-AMC, welche durch das
proteolytische Enzym o-CT katalysiert wird. Im Allgemeinen beeinflusst ATPS die
enzymatischen Reaktionen auf vielfdltige Weise, wie z.B. durch Aufteilung in
verschiedene oder gleiche Phasen, durch Erhohung der effektiven Konzentration der
gel6sten Stoffe, welle letztendlich auf einem ausgeschlossenen VVolumeneffect beruht.
Der Parameter Druck kann andererseits die Substratspezifitdt und Stereoselektivitat
eines Enzyms verdndern, indem das Produkt mit einem kleineren partiellen VVolumen
ausgewadhlt wird, und er kann die Konformationsflexibilitat erhdhen. In dieser Arbeit

wurde beobachtet, dass HHP keinen Einfluss auf die kinetischen Konstanten im ATPS



hatte, was nicht durch einfaches sterisches Verdrangen erklart werden kann. Zusatzliche
Beitrage wie Anderungen der Wasseraktivitit und unspezifische schwache
Wechselwirkungen mit ATPS-Komponenten missen berlicksichtigt werden, um die
erzielten Ergebnisse zu erklaren. Diese Ergebnisse sind wichtig fiir die Verwendung
von LLPS und ATPS zur Modulation einer enzymatischen Reaktion in

biotechnologischen Anwendungen.

Der andere Teil dieser Arbeit befasst sich mit der kombinierten Wirkung von Druck
und ATPS auf die Bindung an Bovine Serum Albumin (BSA). von 1-anilino-8-
naphthalene (ANS), das hauptsachlich durch Fluoreszenzspektroskopie wurde. Die
Ergebnisse zeigen, dass ATPS im Gegensatz zu Puffer, bei dem die Bindungsaffinitaten
zu den drei aquivalenten und unabhangigen Bindungsstellen von BSA nicht
unterschieden werden konnten, zu zwei Bindungsmodi flhrt. Bei den drei
Bindungsstellen homme wurde zwischen einer schwachen und starken Bindung
unterschieden werden. Dieses Ergebnis kann durch die Beriicksichtigung schwacher
Wechselwirkungen zwischen den Bindungsstellen des BSA mit den Crowdermolekdilen
wie PEG oder Dextran erklart werden. Unter dem Einfluss des Druckes nimmt die
Bindungsaffinitaten an allen Bindungsstellen ab, was auf die ungiinstige Wirkung des
Drucks auf hydrophobe Wechselwirkungen sowie auf die Volumenénderung aufgrund
der Freisetzung von Wassermolekilen und somit Bildung von void volume bei der
Bindung zurtickgefiihrt werden kann. Diese Ergebnisse zeigen, dass druckabhangige
Studien die Unterscheidung der Bindungsstellen der Liganden aufgrund der

Feststellung der Volumenénderung ermdglichen.
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Chapter 1
Scientific Background




1.1 Macromolecular Crowding

1.1.1 Excluded volume effect

The intracellular environment has macromolecule concentrations ranging from 80-400 mg/mL
[1,75,111] which represent up to about 40% of the cell volume, with considerably restricted
amounts of free water [1,53,145,147,218,224,226]. Most biochemical works were carried out
at in-vitro conditions, typically in a very dilute and well-stirred solution, a scenario very
different from the in-vivo condition encountered in the cytoplasm of a biological cell. However,
in the 80s, pioneering work by Allen P. Minton indicated the effect of such crowded media on
various parameters of biochemical reactions, thereby coining the term "excluded volume
effect” [143,144,146]. Since no macromolecules are present at very high concentrations, the
medium is called crowded rather than concentrated [17,145,147]. Fig. 1.1 illustrates the

crowding in the cytoplasm of an eukaryote and a prokaryote.

Ribosome

@ Protein
RNA

. Microtubule

2 Intermediate
filament

. Actin
filament

Figure 1.1. Macromolecular crowding in the cytoplasm of eukaryotic (left) and E. coli (right) cells. Each square
illustrates the face of a cube of cytoplasm with an edge 100 nm in length. The sizes, shapes and numbers of
macromolecules are approximately correct. Small molecules are not shown. Adapted from [224].

In such crowded media, the average distance between any two macromolecules can sometimes
be smaller than the size of macromolecules themselves [137,138], which gives rise to steric
repulsion leading to mutual impenetrability [139]. This observation was first described by
Asakura and Oosawa [279] and later developed by Minton with his ‘Scaled-Particle Theory
(SPT)’ of hard-sphere fluids [137,140,141]. According to this theory, the particles are
considered as inert, hard spheres and the closest distance that can be approached by two
particles is equal to the sum of their radii [138,146] as can be seen in Fig. 1.2. Thus, it generates

a spherical excluded volume around each molecule which is inaccessible to the centre of all



other molecules [206]. The larger the size of the crowder, the less is the excluded volume effect
due to the smaller number of molecules per unit volume. Synthetic polymers such as dextran,
Ficoll, PEG and biomolecules such as proteins have been used to mimic the crowding scenario
[201], with the most effective condition being those where the volume of both crowder and test

molecule are comparable [80,142,241].

Excluded volume

Figure 1.2. Excluded volume effect: the closest distance that can be approached by two molecules which are
considered as hard spheres is equal to the sum of their radii riand r.. Around each molecule there is a circle of
radius r (= ri+rz) which is inaccessible to the centre of other molecules. Redrawn and adapted from [138].

Earlier findings suggested that small molecules like metabolites, ions, osmolytes were not
affected by crowding [273]. However, studies by Sharp illustrated that not only large crowding
molecules like proteins and nucleic acid, but also small molecules like ions and water do
exclude [94,102]. Using the hard sphere model, he showed that large molecules are less
effective crowders than water due to the loss in net entropy since one large crowder can replace

many small water molecules [102].

The hard sphere model does not take into account the chemical nature of the crowders since
the effect only depends on the volume occupied by them [114]. However, several studies have
shown that these inert crowders with the same hydrodynamic volumes affect the biomolecule
in different ways [167,168]. It was pointed out that these "inert" crowders are not truly inert in
the sense that they interact with the biomolecules and cause some additional effects [167]. The
model assumed the crowders to be of spherical shape which justifies largely the use of PEG,

Ficoll as crowders [17,69]. Recently, cellulose derivate were used as crowders to study the



presence of rod-shaped biopolymers such as DNA [255]. These crowders behaved differently
than the spherical ones owing to their large surface to volume ratio [195]. The model also
describes crowding as an entirely entropic effect [206,224], as against some recent studies
showing both entropic and enthalpic contributions [85,96,104].

1.1.2 Thermodynamics of macromolecular crowding

Crowding restricts the mobility of solute molecules, which leads to the decrease in entropy and
an increase in free energy of the solute [50,136]. This increase in free energy increases the
thermodynamic activity of the solute and affects various processes which are determined by
the activity, like association reactions, protein folding and enzyme kinetics [10,251,273]. The
standard free energy changes due to crowding (denoted by subscript Cr) compared to the bulk

solution is depicted in Eq. 1 [57]
AAG™ = AGey — AGyi (1)

These changes in Gibbs free energy per mole (AGP) is related to the equilibrium constant by
the following equation (Eq. 2) [215]

Ker = Kpuik €xp(—AAG™/RT) )

Minton and Rivas dissected the crowding effect into enthalpic and entropic contributions by
introducing a factor called crowding coefficient, I, which is a function of crowding-induced
changes in enthalpy and entropy and is shown by Eq. 3 [110]

Inley = In(Ker/Kpui) = ——— = ———5) +— €)

AAG® AAH® (1) AAS®
T

Macromolecular crowding also increases the effective concentration of a solute which is

defined in terms of thermodynamic activity (a;) [215]
I; 9; Y
Ka(T,p) =II; a, = [1; (Xi Vi ) = KxKy (4)

Ky, 1s the thermodynamic equilibrium constant, 9; is the stoichiometric factor, x; being the
mole fraction and y; is the activity coefficient of species i. For an enzyme reaction, the activity

based kinetic constant, K , is approximately given by Eq. 5 [196]

Ky (T,p) = Kyjvs (5)



Ky is the apparent Michaelis constant and ys is the activity coefficient of the substrate. K,
and Kg; consider both ideal and non-ideal contributions to the total chemical potential and are
concentration independent [215,222]. Incorporating activity coefficients into various models
have led to a better understanding of the kinetics and equilibrium properties of enzymatic
reactions [148,149,196,197].

1.1.3 Effect on viscosity and reaction rate

The solvent viscosity increases greatly due to the crowding which reduces the diffusion rate of
biomolecules [38,151,161]. This increase in solvent viscosity depends on the chemical nature,
concentration, size and molecular mass of a crowder [204]. Crowding affects viscosity both on
a micro and macro scale. The modified Stokes-Einstein equation (Eq. 6) links the apparent
translational diffusion coefficients (ADCs) with solvent viscosity and crowding [214]-

ADC = k/R; (1 + 2.50) (6)

Where k is a constant for a given temperature, @ is an obstruction factor reporting the fractional
volume of solution occupied by cosolutes and R;; is the radius of gyration of the biomolecule.
ADCs of metabolites decrease with increasing concentration of crowders [214]. This decrease
in ADC affects the reaction rate. The formation of products from reactants generally involves
various steps, such as diffusion of reactants and overcoming an activation energy to form a
transition state. In dilute solutions, the latter step is usually rate determining since the diffusion
process is generally fast. However, with an increase of crowding, the diffusion can be
significantly reduced and thus, a reaction which is reaction-controlled in dilute solution can
become diffusion controlled in crowded media. The rate constant of association between two

molecules may be written as [57,93,260]

k — kD-kreact
kD+kreact

(7)

where kp, is the rate constant for diffusion control and k.., IS the rate constant for reaction

control. The effect of crowding on both rate constants is illustrated schematically in Fig. 1.3.
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Figure 1.3. Crowder effects on bimolecular reactions. Schematic representation of a transition-state-limited rate
constant (red curve), a diffusion-limited rate constant (green curve), and the overall rate constant (black curve) of
a bimolecular reaction as a function of crowder volume fraction, ¢. In the transition-state-controlled regime, a
compact transition state leads to crowding-induced acceleration of the reaction, whereas collision and attractive
interactions with the crowders controls the diffusion-controlled regime. The reaction rate is transition-state limited
at low degrees of crowding and diffusion-limited at high degrees of crowding. Redrawn and adapted from Ref.
[215].

As shown in the figure, in the diffusion-controlled regime, increased crowding is expected to
decrease kp, because it is proportional to the relative diffusion constant of the reactants [99].
Two major mechanisms are responsible for this decrease in diffusion rate in crowded media:
collision with crowders and nonspecific reversible binding to the crowders [99]. The decrease
IS somewhat compensated by the increase in attractive interactions between reactants due to
increase in effective concentration as a result of crowding [57,58]. In the reaction-controlled
regime, the association rate constant is expected to increase due to a decrease in activation
energy. The presence of crowders tend to make the transition state more compact compared to
dilute solution and thus increase the k...t [57]. As a matter of compensation between these
two opposing effects, reaction rates are generally reaction-controlled at low crowding
concentration and diffusion-controlled at higher crowding concentration [34,99,273].

1.1.4 Soft interactions

Apart from steric exclusion between biomolecules and crowders, some non-specific or soft

interactions also play a role in the stability of biomolecules in such crowded milieu
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[136,137,167,227]. Many a times, the chemical interaction can be a dominating factor over
hard-core repulsion [225,275]. At low crowder concentration, each crowder behaves as a
monomeric unit and thus the entropically driven excluded volume effect dominates, but when
the concentration of crowder increases, the enthalpic driven soft interactions makes the larger
contribution [86,104,116]. However, it is usually difficult to differentiate the enthalpic and
entropic contributions due to the presence of an excluded volume effect at both low and high
crowder concentration. The strength of nonspecific interaction depends on the properties such
as the shape of the crowding agent, macromolecule, its net charge, surface polarity, dipole
moment etc., depending on that it can either be attractive or repulsive [15] thus enhancing or
diminishing the excluded volume effect [96,103,209]. The activity coefficient is related to non-

specific solute-solute interaction as shown in Eq. 8 [140]

Iny; = (g;)/kgT (8)

where kg is the Boltzmann constant, and (g;) denotes the equilibrium average free energy of
nonspecific interaction between the molecule of species i and all other molecules present in the

medium.
1.1.5 Change in hydration

Water molecules form a shell-like structure in the vicinity of protein which is referred to as
water of hydration [71,272]. Crowding agents such as Ficoll and dextran have shown to affect
the biomolecules in a way similar to their monomers such as sucrose and glucose
[96,99,216,261], thus suggesting an enthalpy-dependent and hydration-mediated mechanism
[96,209]. MD simulations have shown an altered water structure mostly beyond the first
hydration shell, a slowdown of the diffusion and a decreased dielectric constant of interstitial
hydration water, suggesting highly constrained water in crowded environments [4,203]. As a
consequence, the hydrodynamic properties of biomolecules and the strength of different
intramolecular interactions may be affected and modulated. Crowders, such as PEG, are
generally preferentially excluded from the protein domain, which produces an osmotic stress
[71]. The catalytic activity of such osmotically stressed enzymes are altered due to the change
in the number of bound water molecules by the enzyme, substrate and the enzyme-substrate
complex, both in the ground and the transition state [61,71,205]. Techniques, such as ultrafast
two-dimensional infrared (2D-IR) and terahertz spectroscopy have shown that the majority of
water inside the cell is expected to have slow, collective hydration and only a small amount of

intracellular water behaves bulk-like [174,193,229]. A decrease in the water activity is also
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caused by a high concentration of biomolecules, osmolytes and salts, which may also affect the

reaction equilibria of biomolecules [128,213].

1.1.6 The molecular nature of crowding

As mentioned in section 1.1.1, crowding studies are often carried out using synthetic polymers
like PEG, dextran, Ficoll or natural crowders like proteins. This gives rise to two kinds of
crowding- uniform and structured [157,168]. Uniform crowding refers to the condition where
a single synthetic crowder is used to mimic the in-vivo condition and thus has a very narrow
size distribution [157]. This fails to create the heterogenous cellular environment and provide
accurate results for various biochemical processes since the composition, size and
heterogeneity of crowder molecules have been shown to play an important role in determining
the crowding effect [157,263]. Structured crowding, on the other hand, refers to the highly
coordinated cellular environment formed by protein crowders. Some studies also pointed out
that the proteins with their surface charges, site-specific interactions and an intricate surface
topology behave as more biologically relevant crowders than synthetic polymers and thus,
reflects the in-vivo situation more realistically through structured crowding [208].

1.2 Aqueous Two-Phase System (ATPS)

ATPSs were accidentally discovered by Martinus Willem Beijerinck in 1896 while mixing
aqueous solutions of starch and gelatin [76]. However, they were put to real use by Per-Ake
Albertsson for the extraction and purification of biomolecules [284,285]. Though ATPSs can
be formed by mixing the aqueous solutions of a variety of components [200], polymer-polymer
and polymer-salt are the most well studied and commonly used systems among them [76]. The
advantages of using ATPSs over conventional liquid-liquid extraction (LLE) methods [90,152]
include low cost, environment friendly, scale up process, continuous operation and protection
of biomolecules from damage due to high water content, low interfacial tension and stabilising
effect of polymers [48,72,76,267,277,285]. Affinity ligands further improve the recovery yield
and purification level [12]. These ligands are covalently attached to polymer or the polymer is

modified with hydrophobic groups [262].



1.2.1 Types of ATPSs

The most common types include polymer-polymer [e.g., poly(ethylene glycol) (PEG)-dextran
(Dex)] or polymer-salt (e.g., PEG-Sulphate) systems. Other ATPSs include ionic liquids [258],
short chain alcohols, poly-phase systems (three or four polymer phases), alcohol-salt systems
and many more [12,44,48,76,134,200]. Alcohol-salt ATPSs are better than polymer systems
due to low cost, low viscosity, easy constituent recovery and reduced settling time [284].
However, the poor compatibility of proteins with the alcohol-rich phase is a major disadvantage
[45]. lonic and non-ionic surfactants are also used to form micellar and reverse micellar ATPSs
[12,62,162]. Another type of ATPS is formed by a single polymer in water and is referred to
as smart polymer [6,24,48]. The separation is achieved by collapsing the polymer through
temperature, pH, ionic strength or light [24,180].

1.2.2 Formation and kinetics of ATPSs

Immiscibility of polymer solutions are a common phenomenon [52,288]. When the aqueous
solutions of polymer are mixed, they can form aggregates and start to separate into two phases
due to steric exclusion [52,100]. A similar situation is observed in polymer-salt systems where
the salt absorbs a large amount of water leading to aggregation and phase separation [100,262].
Generally, the movement of a drop during phase separation is determined by the balance
between three force- gravitational, frictional and flotation [11]. While gravitational force
depends on the density of the drop, flotation and frictional force depend on the flow properties
of phases [11,278].



Frictional force Flotation force

The drop moves The drop moves
downward upward

Gravitational

force Frictional force
Top phase is Bottom phase is
continuous continuous

Figure 1.4. Diagram representing the forces effecting the movement of a droplet depending on which phase is
continuous. Redrawn and adapted from [44].

Once the initial system is entirely mixed, three phases: top, bottom and dispersion phases are
formed till the complete separation of top and bottom phases occur [11,278]. When the top
phase is continuous, droplets of the bottom phase remain dispersed in this phase and slowly
tend to settle down towards the horizontal interface so that the topmost drops form the settling
front. The drops accumulate and coalesce at the boundary of the dispersion region and the
bottom phase forms a coalescing front. It is depicted schematically by plotting the fraction of
initial height (ht) with time (Fig. 1.5). With time, h; decreases and approaches zero when the
phases are completely separated [11,278]. Phase separation times are dependent on which
phase is continuous. A change in phase separation time has been observed during phase

inversion, i.e., when the continuous phase changes to a dispersed phase and vice versa [19].

10



Settling Front

7

Complete Phase
Separation

Height (h)
=
-+

Coalescence Front

v

Time, t

Figure 1.5. Batch separation profile representing the ATPS with dispersed bottom phase. The height of dispersion
(hy) decreases from the initial height to zero when the top and bottom phase are completely separated. Redrawn
and adapted from [44].

1.2.3 Thermodynamics of phase separation

In the Flory-Huggins theory, an unbranched polymer chain is represented as a linear sequence
of connected segments, each segment occupying a site of a lattice [36,37,190,191]. Each lattice
site has z contacting faces with the adjacent sites [42,59,179]. Considering a single polymer
molecule, the enthalpy of mixing is expressed as a function of changes in enthalpy due to the
contact formation between the polymer segment and water at the expense of breaking bonds

between like components [42,59,179]. This energy change per contact, Aw;,, is given as [42]
1
Awi, = wyy — > (W11 + wyy) ©)

where w;, is the change in enthalpy due to contact between component 1 (water) and 2
(polymer), wy, and w,, are the energies associated with 1-1 and 2-2 contact, respectively. This
change in enthalpy per contact can be positive or negative depending on whether the interaction
is repulsive or attractive, respectively. Thus, the total enthalpy of mixing, AH,,, for component

1 and 2 is given as [42]

AH,, = zAw;,n, ¢, (10)
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where z is the lattice coordination number, ¢, being the fraction of lattice occupied by polymer
segments, i.e., ¢, = n,P,/(ny + n,P,), P is the number of segments per polymer molecule,
and n, and n, are the numbers of solvent and polymer molecules on the lattice, respectively.

Eq. 10 is usually written as [42,59]
AHy = kgT X121, (11)

where kg is the Boltzmann constant, T is the absolute temperature and y,, = zAw,,/kgT. The
parameter y;, is known as Flory interaction parameter. The net entropy of mixing, AS,,,

according to this theory is given as [42,59]
ASm - kB an B _kB(n11n¢1 + n21n¢2) (12)

where W is the total number of distinguishable ways of arranging n, solvent molecules and n,
polymer molecules on a lattice and ¢, is the fraction of lattice sites occupied by the solvent.

Thus, the free energy of mixing is given by [42]
AG,, = AH,, — TAS,, = kgT(nyIn¢p; + n,Ing, + y,,n,¢,) (13)

The major restriction applied for this theory is that it doesn’t consider the volume change upon

mixing and hence no pressure study on ATPSs can be explained by this theory.

1.2.4 Phase diagram
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Figure 1.6. llustration of the phase diagram formed by a salt and a polymer. Bottom phase, polymer or salt X %
(w/w) is plotted on the abscissa and the top phase, polymer Y % (w/w) is plotted on the ordinate. The
concentrations above the binodal curve (TCB) form the aqueous two-phase system. Adapted from [185].

A phase diagram is unique for each system under specified conditions (e.g., temperature, pH)
and provides information about the concentration of components in the top and bottom phases
[14,23]. The curve TCB is known as the binodal curve, which separates the one- and two-phase
region. It is determined by cloud point titration, turbidometric titration and the node
determination method [14,23,44,185]. Binodal curves are important in the way that they predict
the concentration of components required for two-phase formation. The line joining the nodes
on the binodal is known as tie line and represents the composition of both phases in equilibrium
[14,52,185]. All points on one tie line will have the same equilibrium composition of the top
(t) and bottom (b) phases, but the relative phase volume and phase mass and hence the overall
composition will be different. The ratio of the weight of the upper and lower phases is given
by the ratio of line segments ST/SB. The point C is referred to as the critical point, at which
both the phases have identical composition. The value of tie line length (TLL) is zero at the
critical point. The TLL is estimated by Eq. 14 [185]

Vipe _ SB
Vopp ST

(14)
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where V and p represent the volume and density of the top (t) and bottom (b) phases,

respectively. TLL can also be expressed (see Fig. 1.6) [185] as

TLL = VAX? + AY? (15)
The tie lines are generally straight, and the slope (STL) is given by Eq. 16 [185]

AY
STL = X (16)

The partitioning of a biomolecule in the ATPS is quantified by the partition coefficient (K) and

is given as [14]

K = equilibrium concentration of partitioned biomolecule in top phase (Ct) (17)

equilibrium concentration of partitioned biomolecule in bottom phase (Cyp)

1.2.5 Thermodynamics of partitioning of a solute in the ATPS

Various models have been proposed to explain the partitioning behaviour in ATPSs
[2,45,119,123,231,237,265]. Albertsson, a legend in this field, proposed a model which
includes six different kinds of partitioning, each having a different driving force. He proposed
that the overall partitioning may be as a result of the dominance of either one factor or due to
conjugative effects of several factors. The overall K is given by Eq. 18 [32,185,267,284,285]

K = Ko * Knfob * Kep * Kbiosp * Ksize * Kconf (18)

where hfob, el, biosp, size and conf stand for hydrophobic, electrochemical, bio specific, size
and conformational contributions to the partition coefficient, and K, includes other factors. In
a stable two-phase system, the coexisting phases are in equilibrium and thus, the chemical
potential (x) of a solute i in both phases are equal i.e. Au = 0 [264]. At equilibrium, « can be
expressed as a function of activity (ai), particle surface area (A), interfacial tension (y), particle
charge (z) and electrical potential of the phase () as described in Eq. 19 [48,264]

t

Ap? + kgTln (%) + AAy +

L

ZiFAW
Ng

0 (19)

where F and Na represent the Faraday and Avogadro constants and the subscripts t and b refer
to the top and bottom phases respectively. Defining a; as a product of concentration of solute
([c]) and activity coefficient (fi), « can be related to the partition coefficient K as [48,264]
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zZiFAY
Ng

t
—kgTInK = Ap? + kyTln (]’:—b) + AAy + (20)

Eq. 20 shows three major factors affecting the K at infinite dilution (fi approaches unity):

1) Interfacial tension between the two phases
2) Solute charge

3) Electrical potential difference between the two phases
1.2.6 Factors affecting the solute partitioning in ATPSs

(A) Molecular weight (M.W.) and concentration of polymer and protein

The aqueous solution of a polymer generally has two regimes — a diluted solution regime and
a concentrated solution regime [41,119]. In the diluted solution regime, the polymer molecules
are separated from each other by several layers of water. As the M.W. increases, the
concentration range over which the solution stays in the diluted regime becomes narrower as
the polymer starts occupying larger volumes and overlapping with each other to form mesh-
like structure as described by Cabezas, leading to the concentrated regime [250]. This limiting
concentration at which a polymer solution changes its regime is referred to as crossover
concentration. The higher the M.W., the lower is the crossover concentration and vice-versa
[113,247].

In a polymer-polymer system, high M.W polymers induce phase separation at lower
concentrations due to a large difference in interfacial tension, viscosity and phase density [47].
Proteins also tend to partition to the phase enriched with the lower M.W. polymer due to steric
exclusion and change in hydrophobicity [32,281,282]. For polymers such as PEG, decreasing
the molecular weight at constant concentration decreases the number of ethylene oxide groups
per PEG molecule, thus lowering the hydrophobic character [192,221]. Albertsson designed an
equation for the PEG-Dex system, correlating partition coefficient K with polymer

concentration and protein M.W. [45,48]
- loglO K = aM2/3 (21)
where a is a polymer concentration dependent constant and M is the protein's molecular weight.

Brensted proposed a qualitative model to link K with the solute M.W. as shown in Eq. 22 [48]

K — e_MA/kBT (22)
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where A is a parameter that considers solute and system characteristics.
(B) Charges, salts and pH

The electrical potential () resulting from the establishment of an electrical double-layer due
to the differences in affinity of a solute towards either of the two phases of an ATPS can be
calculated from Albertsson's model assuming that each ion can partition independently from
the other [25,192,264,285]

BT In (K—+) 23)

- (zy+z)F K_

here R is the ideal gas constant, z, and z_ are the total positive and negative charges and K,
and K_ are the respective partition coefficients of positively and negatively charged ions
formed from the solute as a result of differential affinity. Johansson proposed that this
difference in partitioning tendency of a solute towards either of the two phases leading to an

electrical double layer influences the protein partitioning [180].

The presence of salt, at very low concentrations, brings a drastic change in the cloud point of
the polymers and helps in achieving better yields [25,47,55,56]. This salting-out effect is used
to lower the cloud point and perform the extraction process of biomolecules at much lower
temperature. The detailed effect of salt on protein partitioning is explained by the Hoffmeister
series [6,95,105].

Using pH values above the isoelectric point of proteins (pl) induces negative surface charge
and thus increases the affinity towards the positively charged phase (usually PEG) due to the
positive dipole moment and vice-versa [122,237].

(C) Temperature and interfacial tension

Lower temperature (T) favours phase separation in polymer-polymer systems whereas the
opposite is observed in polymer-salt systems [41,200]. Apart from effecting the density and
viscosity of the phases, T is an important parameter in partitioning, as can be seen from all the

equations mentioned above.

Interfacial tension (y) is generally less for ATPSs as compared to organic solvent-water
systems. In PEG-Dex system, an increase in M.W. of either PEG or Dex increases the
interfacial tension but the effect is much stronger in case of PEG [45,285]. Comparison

between systems with the same TLL showed an increase in y with increase in T. However, when
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systems with the same composition are prepared at different T, y decreases with the rise in T
[269]. Thus, y changes with T depending on the TLL, i.e. the distance from the critical point
[35,48].

(D) Density and viscosity

Density and viscosity are the main driving forces for the formation of two-phase systems and
are related to the TLL [33]. Increase in the TLL increases the density difference between the

top and bottom phases and increases the viscosity of the top phase [150,247].

1.3 High Hydrostatic Pressure (HHP)

The story of pressure studies on biomolecular systems began with the pioneering work of Nobel
laureate Piercy Bridgman in 1914 [129], who reported the denaturation of egg white under
HHP at room temperature. Despite this, pressure was long neglected by biochemists due to lack
of a proper concept about the effect of pressure on biochemical reactions and the deficiency of
instruments to test it. However, in recent decades pressure has become a powerful tool in
studying the thermodynamic and kinetic aspects of bioprocesses and modulating them for the
benefits of mankind such as in food processing industry [18,106,112,130,131,207,217].
Moreover, oceans cover 70% of the earth's surface with an average depth of 3.8 km and an
average pressure of 38.5 MPa make the earth predominantly a high-pressure environment.
Interestingly, living organisms (microbes) have been found to grow in extreme conditions such
as marine hydrothermal vents with temperatures as high as 122 °C and pressures upto 130 MPa.
Even more complex organisms have been encountered under abnormal conditions (1-4 °C,
<100 MPa) and thus pressure can be considered as an elegant tool to study the adaptability of
life in such harsh situations [20,28,181].

1.3.1 Thermodynamic description

(A) Effect of pressure on kinetic constants

Activity of several enzymes have been found to increase using higher temperatures and/or
higher pressures [82,132,234]. The way in which both effect the activity is quite different.
Though the higher temperature helps to overcome the activation energy of a reaction, the fear
of denaturation of the enzyme at high temperature limits its use. Pressure, on the other hand

affects the transition state of a reaction and favours states with lower volume than the reactants.
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The activation volume, AV#*, which is defined as the difference in volume between the
activated state and ground state of the enzyme-substrate complex, is related to the activation
Gibbs energy, AG*, as [66,159,270]

dAG* = AV*dp (24)

where dp being the increase in pressure. The dependence of the rate constant, k, on pressure is
described as [172]

(alnk) _Av? ’c
op /¢ RT (25)

where R denotes the ideal gas constant and T temperature. According to the Le Chatelier's
principle, an increase in pressure favours the reaction towards negative AV* [276]. The
modification in AV* can be brought in by sole or cumulative effect of several factors like a
change in enzyme or substrate conformation, a change in solvent properties like pH, viscosity,
phase or a change in the rate-limiting step. Depending on the fine-tuning of these factors, AV*
can either be positive, negative or negligible [66,120,197]. The maximum effect of pressure on
AV7 is observed in reactions involving high hydration changes in the components between the
ground and transition state and thus it has been found that the activation volume is dependent
on water content. This dependency of AV* on hydration and pressure can be used to alter
reaction pathways, e.g., to obtain a higher yield of a favourable product or to modulate the
relative amount of two substrates which differ in sign with respect to their activation volumes
[126,154].

(B) Effect on the equilibrium constant

The effect of pressure on a chemical equilibrium is given by Eq. 26 [270]-

(aan) I\ 26
op /o RT (26)

where AV is the reaction volume and K is the pressure-dependent equilibrium constant. The
experimentally determined AV (AV,,,) generally includes several contributions for enzyme
kinetics, such as binding of substrate, conversion and release of products, conformational
changes, hydration and ionization [124]. As the pressure is applied over the entire system, it

affects every step leading at the end to a decrease in volume with increase of pressure. E.
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Ohmae et.al. suggested that the total volume change of a closed system can be described as
[124]

AVpyp = AV, + Xiap(ci/cp) AV, 27)

Where c¢; and ¢, are the concentrations of component i and protein respectively, AV; is the
partial molar volume change for component i and AV, is the partial molar volume change of
the protein. In 1959, Kauzmann proposed a model system consisting of only protein and water
and neglecting any other kind of interactions to determine the partial molar volume of a protein

in water, V7, which is mathematically represented as [176,177]
Vo = Vatm + Veav + Viya (28)

where V., is the contribution from the Van der Waals volume of atoms, V,,,, is the interatomic
void spaces in a protein molecule and Vj,,, denotes the hydration effect. Thus, AV,,, is

represented as [243]
AVexp = AVitm + AVeqy + AVhyq (29)

AV,:m represents the change in the van der Waals volume of atoms plus the volume of interior
voids, which are water-inaccessible. This means that such voids are smaller than 18 mL mol™.
AV.., symbolises the change in interatomic void spaces in a protein which depends on
biomolecule's solvent accessible surface area (SASA) [70] and AVj,,4 describes the volume
change of solvent molecules involved in hydrating solvent-accessible surface groups of the
protein with respect to the bulk. This term is usually negative as the volume of hydrated water
is less than that of bulk water and thus an increase in hydration might lead to a decrease in
overall partial molar volume of the system [244]. Chen et al. showed that AV, upon protein
unfolding is relatively large and negative due to the voids, whereas AV}, is positive, leading
to a relatively small, positive or negative change in the total volume upon unfolding [242].
Thus, the main driving forces for pressure-induced protein unfolding are the presence of

packing defects located in the protein and their hydration behaviour [242].
1.3.2 Pressure effect on intramolecular interactions in protein

Pressure effects are mostly caused due to loss of void volume, packing defects or making and
breaking of non-covalent interactions. The covalent bonds define the primary structure of a
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protein and are pressure insensitive up to at least 10 kbar [29,130,207]. This section briefly

explains the effect of pressure on several intramolecular interactions in proteins.
(A) lonic interactions

lon pairs play an important role in maintaining the tertiary and quaternary structure of protein.
They are short range interactions (4 A or less) between oppositely charged amino acid chains
[29,107]. Sometimes they are hydrogen bonded and are also referred to as salt bridges.
Dissociation of these salt bridges leads to electrostriction, a phenomenon where there is
reduction in overall volume due to contraction of solvent molecules [92,289]. The contraction
happens due to the rearrangement of dipolar solvent molecules (H20) in the electric field around
the exposed charge. As pressure favours negative AV or AV*, it favours electrostriction too
[30,256].

(B) Hydration and void volume
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Figure 1.7. A native protein dimer contains packing defects and cavities both at the interface and within the
subunits. Water generally fills the cavities and helps in smooth movement of side chains and polypeptide
backbone. Upon application of relatively low pressure (< 2 kbar), the water molecules from bulk solvent start
penetrating the dimer interface leading to the dimer dissociation by release of void volumes from cavities and
packing defects present at the interface. This water exchange process is opposed by the decreased size of cavities
upon pressurisation and favoured by the increase in conformational fluctuations with pressure. Further
pressurisation leads to insertion of water into the packing defects inside the subunits which are generally water-
inaccessible. This lead either to the swelling of the protein core and it's rupture (denaturation) or adoption of a
molten globule conformations. Apart from protein unfolding, pressure induced hydration either leads to a decrease
in compressibility due to electrostriction and loss of void volume or an increase in flexibility due to water
penetration into the interior of the protein [29,130,207,266,271].
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(C) Hydrophobic interaction

It plays the central role in the protein folding mechanism by directing the non-polar side chains
to cluster into the protein core [176]. However, the pressure effect on this interaction remains
unclear. In some cases, the hydrophobic interaction was believed to be stabilised by pressure
due to a negative volume change resulting from the hydration of non-polar surfaces during
protein unfolding [176]. This explanation was not enough to verify both the positive and
negative volume changes that were recorded experimentally during protein unfolding
[177,219]. This discrepancy between the predicted and experimentally determined values of
volume change was addressed by Chen et al. who pointed out that the main disagreement might
lie in the model used for determining the hydrophobic hydration [242] in which the protein
unfolding was modelled as a transfer from non-polar solvent to aqueous solution. It was
predicted that the large sizes of non-polar solvents as compared to water might have led to an
overestimation of the volume change. They showed that upon using a transfer model from gas

phase to water led to the positive volume change on protein unfolding [242].
(D) Hydrogen bonds

Owing to the negative volume change associated with the formation of hydrogen bonds in
organic compounds, HHP has been known to promote hydrogen bond formation within
proteins [256]. HHP increases protein hydration which increases the chances of formation of
intermolecular hydrogen bonds at the expense of intramolecular hydrogen bonds. Furthermore,
it was reported that pressure leads to a shortening of hydrogen bonds contributing to the

compression of proteins [28,212,238].
(E) Van der Waal (VDW) forces

These forces are weak short-range interactions that arise due to fluctuations in polarizability in
atoms or molecules. VDW forces contribute to the enthalpic and entropic components of
hydrophobic interaction [107,183]. Weak VDW forces lead to several packing defects which
in turn determine protein stability at HHP. However, pressure favours VDW forces as they tend
to decrease the overall volume of the system by increasing the packing density of the
hydrophobic core and thus decreasing the overall volume of the system. On the contrary, VDW
forces may also lead to protein destabilisation at HHP (< 3 kbar) by establishing shorter and
stronger bonds between amino acid residues and water which are promoted by pressure upon
dissociation of oligomers [67,92,129,133].
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1.4 Ligand Binding

Molecular recognition or binding is the underlying reason for the proper functioning of the
cellular machinery. Several important cell functions, such as recognition of substrate by
enzyme, translation of cellular signals and so on are controlled by molecular binding [283].
Most of the complexes formed as a result of binding between biomolecules are non-covalent
complexes which are held by hydrophobic, ionic or hydrogen bonding [252]. In biochemical
terms, binding is often described as non-covalent interaction between a larger molecule and a
smaller molecule. The larger molecule is usually the macromolecule like protein, DNA, RNA
etc., referred to as receptor, whereas the smaller molecule like a drug molecule is called the
ligand. The ligands bind at specific sites on or near the surface of the receptor known as binding
sites. These binding sites vary in strength and affinity for a ligand and thus the binding of a
ligand to a receptor is governed by affinity and specificity [39,230]. High affinity binding is
generally achieved by increasing the ligand's hydrophobicity whereas specificity relies on
hydrogen bond interactions [254]. Biologically relevant interactions are highly specific.
Binding of the ligand can either take place at a single site on the protein or on multiple sites.
In case of multiple binding, if the binding of one ligand to one of the sites influences the binding
of the other site with the ligand, this is known as allosteric binding [127], whereas if one

binding interaction is independent of the other, it is referred to as non-allosteric binding [170].
1.4.1 Thermodynamics of binding

Most of the binding measurements such as equilibrium dialysis, dialysis or ITC are indirect in
the way that they only measure the amount of ligand bound to the protein [166]. There are
various models to explain the binding phenomenon, the simplest one being the binding of one
ligand molecule to one site on the protein molecule. It is schematically explained below with

P defining the protein and L the ligand:
P+ L =& PL (30)
where PL represents the non-covalent protein-ligand complex.

The equilibrium constant or association constant for the Eq. 30 is expressed as

_ Py _ 1
Ka =t = ()
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where [PL] is the concentration of the bound complex, [P] and [L] are the concentration of free
protein and free ligand, respectively. This equilibrium can also be expressed in terms of the
dissociation constant Kp, which is the inverse of Ka. The value of Kp defines the ligand
concentration range over which the protein switches from bound to unbound [170]. The

standard binding free energy (AG,;,4 ) is given by
AGping =-RTIn Ka = RTn Kp (32)

Increasing affinity of binding is characterised by a decrease in AGp,,4, and specific binding
is generally identified by a large negative AG,,,,; for one particular ligand compared to another.

Standard free energy changes upon binding vary from -50 kJ mol™ for tightest interaction to
-17 kJ mol™* for weaker ones [170].

The average number of ligands bound to the protein at any given time is defined by the

parameter ¥ [189]

b= concentration of bound ligand _ [PL] (33)
" total protein concentration [P]+ [PL]

Generally, the fraction of sites in the protein that are occupied by ligand is quantitatively
described by a factor 8, known as fraction saturation, as

AX
= (34)

0 = Xt

S i<

where the change with binding in some physical property X is linear in the extent of binding,
(AX) is the total change produced when the macromolecules are saturated with L, and n is the
total number of binding sites on the macromolecule that are available to the ligand. Since for a
single site (n = 1), & = ¥ and thus considering equilibrium (Eq. 30) and (Eq. 31), 6 can be

expressed in terms of Ka as [170]

KalL]

T 14Ka[L] (35)

The value of v approaches the value of n as the binding approaches saturation. Putting [L] =
Kp, 7 = 0.5. Thus, when the protein is half saturated, the ligand concentration equals the
dissociation constant. The plot of fractional occupancy as a function of ligand concentration at
constant temperature is referred to as binding isotherm or binding curve [118,170]. Even
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though Kp is a pure number, it can be equated with the ligand concentration which has molar

units and the reason lies in the way Kp is expressed. The actual equation is [170]

(P] (L]

[
Ko= | (36)

[PL]’

Where [P]°, [L]°, [P.L]° are standard state concentrations and are numerically equal to 1 M.
Thus, even though numerically Eq. 31 and Eg. 36 gives the same value of Kp, the units differ

in both equations.
1.4.2 Scatchard plot

The Scatchard plot is a binding isotherm which correlates the Kp with the amount of ligand

bound to the protein. It is mathematically represented as [8]

[L]Bound — _[L]Bound_l_ [P]Total
[L] Kp Kp

(37)

This plot is valid only when single site binding is considered [170]. Eq. 37 indicates that the
ratio of bound ligand and total ligand concentration varies linearly with the concentration of
bound ligand with a slope equal to the inverse of dissociation constant. This plot can be applied
to impurified protein where the exact concentration of protein is not known [155]. One such
important applications of the Scatchard plot is measuring the binding properties of the retinoic
acid to its receptor, the retinoic acid receptor in cellular extracts without undergoing the trouble
of purifying the receptor [170].

1.4.3 Entropy factor

Binding of the ligand to the protein decreases its entropy to a great extent by restricting its
rotational and translational degrees of freedom [170]. This leads to the increase in binding free
energy, rendering the process unfavourable. However, the effect can be compensated by
forming a network of hydrogen bonds for polar ligands [170]. For non-polar ligands,
hydrophobic interactions play a major role [115,246]. Hydrophobic interactions are also be
used in drug designing and delivery since increasing the hydrophobicity of ligands generally
increases the binding [245]. Unfortunately, increase in hydrophobicity also has side effects
such as low water solubility and an increased tendency to adhere to various cellular component

[98,169,187]. There is also another factor which contributes in favouring entropy increase. The
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polar groups in a protein have tightly bound water molecules [118,246], which have less
mobility compared to bulk water. Upon binding of a ligand, these water molecules are released

which increases the overall entropy.
1.4.4 Multiple binding equilibria

In this case, n > 1 and there are many ways a ligand can bind to the receptor. One way to write

the equilibria is depicted below [189]

A _ P
P+ L = PL K, = PIIL] (38)
[PL;]
P+ 2L = PL K, = —=
* 2 27 [PIILP? (39)
N _ [PLy]
P+nL = PL, K, = PIILI (40)
The general equation for v is given by the Adair equation [170]
_ YL K [L][P]
V= (41)

™o Ki[P][L]!

The simplest case for multiple equilibria is assuming that all sites are equivalent and
independent. Thus, the affinity of any binding site is not affected by whether or not other sites
are occupied. The number of ways in which n sites may be divided into i occupied states and
(n-i) unoccupied states is given by [170]

N n!
L (-l (42)
Combining Eq. 41 and Eq. 42, v for independent equilibria is given by [170]
— nKo[L]
V= T koL (43)

Where K|, denotes here the microscopic equilibrium constant which describes the affinity of a

particular site. This equation is similar to Eq. 35 when n = 1.

Binding to non-equivalent sites does not include a cooperative effect but rather the difference
in binding affinities between various binding sites, giving rise to some strong and some weak

binding, depending on experimental conditions.
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Chapter 2

Experimental Methods




2.1 Fluorescence Spectroscopy

Fluorophores absorb energy in the form of electromagnetic radiation with a certain wavelength.
The energy of the photon excites a bound electron from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) which makes the total
electron density more diffuse and easily polarizable. This leads finally to a larger bond length
and weaker bond strength between two atoms in a diatomic molecule in the electronically
excited state. Simultaneously, the energy potential curve i.e., the MORSE potential of the
molecule in the electronically excited state shifts to a new equilibrium position of the nuclei
[51].

Energy

q{)l

Nuclear Coordinates

Figure 2.1. Morse-potential curve for a molecule in the singlet ground state Eo and singlet excited state E;
demonstrating the Franck-Condon principle. Adapted from [51].

The vertical transitions as can be seen in Fig. 2.1 can be explained by the BORN-
OPPENHEIMER approximation and the FRANCK-CONDON principle. According to the
BORN-OPPENHEIMER approximation, the electrons move much faster as compared to the
nuclei due to the very high mass of protons or neutrons in comparison to electrons [51,276].
Thus, the electronic transitions are most likely to happen when the position and vibrational
momenta of the nuclei are not changed (FRANCK-CONDON principle) [51,276]. This means,
for a new vibrational transition to happen during an electronic excitation, the new vibrational

level must be instantaneously compatible with the nuclear positions and momenta of the
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vibrational level of the molecule in the originating electronic state. The intensity of this
vibrational transition is proportional to the square root of the overlap integral between the

vibrational wavefunctions of the two states that are involved in the transition [51].

The excited molecule can relax back to the ground electronic state in a number of radiative and
non-radiative ways (Fig. 2.2) [276]. Firstly, the molecule relaxes back to the ground vibrational
state of the excited electronic state. This process is known as vibrational relaxation (VR) and
occurs within the first 10! s. The energy is released by collision with solvent molecules. The
molecule can now relax to the ground electronic state either via non-radiative process such as
internal conversion (IC) or Quenching or radiative process such as Fluorescence. Fluorescence
i a radiative process where the molecule returns to the ground state from the first excited
ground state by emitting a photon with a rate constant of 108 s* as a result of spin pairing of
electron (spin allowed). The vibrational state in the ground electronic state is relaxed till
thermal equilibrium is reached which is governed by FRANCK-CONDON principle. The
wavelength of the emitted photon is usually less i.e., red shifted (referred to as STOKE shift)
compared to that of the absorbed photon [276]. Another pathway of electronic relaxation is
intersystem crossing (ISC), where the electron changes spin multiplicity from singlet state to
triplet state. Though the process is spin forbidden, the chances of ISC is high if the vibrational
levels of the two states overlap or if the energy difference between the two states is small. ISC
efficiency depends on the nature of the fluorophore and transition probabilities and is generally
high due to the presence of heavy atoms [276]. The molecule can relax from higher vibrational
levels of the triplet state to the lower vibrational levels of the same state by means of VR. It
finally transits to the ground electronic state by emitting a photon and the process is termed as
phosphorescence. It has a rate constant of 10 to 102 s and is slower than fluorescence. The

relaxation energy can also be transferred to adjacent molecules by means of quenching.
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Figure 2.2. JABLONSKI diagram showing excitation and relaxation of a fluorophore. After absorbing (A) a
photon, the molecule transitions from the singlet ground state (So) to the first (S1) excited electronic singlet state
with various vibrational energy states. The molecule relaxes from excited the vibrational state to the ground
vibrational state through Vibrational Relaxation (VR). During relaxation from the excited electronic state to the
ground electronic state, the energy is dissipated through multitude radiative and non-radiative processes, including
internal conversion (IC), quenching (Q), fluorescence (F), intersystem crossing (ISC) and phosphorescence (P).

In general, the vibrational transitions in solution are not resolved, and the overlap of absorption

and fluorescence bands is relatively large. This is mainly due to the inhomogeneity and polarity

of solvent as well as the interactions between the fluorophores and solvent. This leads to the

consequence that the position of the energy levels is influenced differently by the surrounding

solvent. Fig. 2.3 illustrates the influence of a polar solvent on the fluorescence spectrum.
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Figure 2.3. Schematic representation of the principle of solvent relaxation and the accompanying red shift of
fluorescence. g representing the solvent dipole whereas uy represents the fluorophore dipole.
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The solvent dipoles (zg) orient antiparallel to the dipole moment of the fluorophore (zz) in the
ground state. Upon absorption of radiation, the electric dipole moment of the fluorophore
changes in strength and orientation. The solvent molecules then try to adapt to the new
equilibrium which takes about 10°% s to complete. Thus, the S state is stabilized and is lowered
energetically. After the photon has been emitted, the fluorophore again has its original dipole
moiety, but the surrounding solvent molecules are no longer energetically aligned for this
purpose at this time. As a result, the resulting new ground state is energetically destabilised
compared to the equilibrium ground state. The result of this interaction of the fluorophore with
the solvent molecules is a redshift of the fluorescence radiation in the spectrum (see Fig. 2.3).

The greater the polarity of the solvent, the greater the redshift in general.
2.1.1 Fluorescence instrumentation

The schematic representation of a fluorescence spectrometer is shown in Fig. 2.4. The design
of the apparatus is such that the detector is placed at a 90 ° angle to the light source and a
monochromator between the sample and detector. As a result, not only the emission spectrum
can be exactly resolved but the signal to noise ratio can be significantly improved, allowing the

use of very low sample concentration.

h—— e
Light source > Probe

Monochromator

Monochromator

I(AEm)

4

Detector

Figure 2.4. Schematic structure of a Fluorescence spectrometer.
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All the fluorescence measurements that have been included in this thesis (Chapter 3 and

Chapter 4) were carried out on a K2 fluorescence spectrometer from ISS:

e Labeling: K2

e Manufacturer: ISS (Champaign, Illinois, USA)

e Light source: xenon arc lamp

e Temperature control: external water bath - Julabo F 32
e Pressure indicator: TecSis P3298B093001 (electrical)

The instrument uses a xenon arc lamp as the source of excitation light. Such lamps are generally
useful because of their high intensity in wavelengths range between 250 and 1100 nm. The
emitted light is focused with the help of lenses on the entrance slit of the excitation
monochromator. A monochromator accepts incoming light and disperses it into the various
colors of the spectrum using prisms or diffraction gratings (Fig. 2.5). In the K2 spectrometer,
the spectral region is in the range of 1 = 200-800 nm with allowance of A4 = 0.25 nm. Both
monochromators are equipped with a set of interchangeable slits. The slit handles are marked
with the width of the slits: 2, 1, 0.5 mm. The monochromatic light is then stirred over a mirror,
which is present in the corner of a two-way polarizer, directly on a beam splitter. The beam
splitter reflects part of the excitation light to the reference cell and the rest part to the sample
cell. In the sample space two different cells may be used. Firstly, the standard quartz glass
cuvette for temperature-dependent measurements at atmospheric pressure can been used. For
pressure dependent measurements a commercially available high-pressure cell (I1SS) is used.
The sample is filled into a quartz glass vial, sealed with Dura-Seal film and an O-ring free of
air bubbles and placed in a stainless-steel cell filled with water. The cell is closed and connected
to a capillary, which is connected to a hydraulic pump in order to build up pressure in the
pressure medium (water). In the right emission channel, light emitted by the sample is
spectrally divided by the emission monochromator in the optical path. The emission
monochromator grating is maximized for fluorescence light detection in the region 4 = 350-
800 nm. Optical filters are used to compensate for the non-ideal behavior of monochromators.
The detection of the emission can be made by the two photomultipliers, on the left and on the
right side of the sample area. The fluorometer uses photomultiplier tubes (PMT) as detectors.
A PMT is regarded as accurate source, the current being proportional to the light intensity.
Although a PMT responds to individual photons, these individual pulses are generally detected
as an average signal. Polarizer’s are present in the both excitation and emission light paths.

Generally, polarizers are removable so that they can be inserted only for the measurement of
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fluorescence anisotropy or when it is necessary to select for particular polarized components

of the emission and/or excitation (Fig. 2.5).
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Figure 2.5. Schematic illustration of the K2 fluorescence spectrometer. Adapted from 1SS.com.

High pressure cell: ISS (Champaign, lllinois, USA)

e Sample volume - 1 mL
e Window - sapphire; Sample vial - quartz glass

e Pressure control - Nova Swiss (hydraulic press)

Fluorescence spectroscopy is one of the most important methods in biology. Apart from
investigating the structure and dynamics of proteins, lipids, nucleic acids using fluorescence,

several other parameters can be determined such as-
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1) Protein-ligand interactions

2) Rotational and translational diffusion

3) Internal dynamics and conformational changes
4) Kinetics

5) Change in environment of the fluorophore
2.2 Stopped - Flow Method

Several experimental techniques have been developed over years to monitor chemical reactions
in real time scale. Fast reactions (in the time scale of milliseconds to seconds) are generally
studied using flow techniques which involve automated mixing of components [173,276]. The
difference in time between mixing of components and recording the first data point is called
dead time. Manual mixing of components has a dead time of a few seconds which is not
problematic for slow reactions as the progress of reaction is not significant in this time range,
but for fast reactions, the whole reaction may be completed in a few seconds. Thus, for fast

reactions, rapid mixing is an essential part.

There are various flow techniques — the stopped flow method, the continuous flow technique
and the quenched flow technique to name a few. The continuous flow method is normally used
to study initial rates and inhibition values [173]. In this case, the two reactants, each filled in a
pneumatically driven syringe, are injected into the mixing chamber (Fig. 2.6(A)). After mixing
homogeneously, the solution is passed from the mixing chamber to a long tube, the observation
chamber, and measurements are taken by various detection units, mostly spectrophotometers
situated at various points along the tube. Since the flow rate of reactants is constant, each point
in the tube corresponds to a discrete point in time. It provides high level of accuracy in
determining the time-dependent reaction mixture composition since many data points can be
collected at one sample point as the reaction mixture passes through it several times. The
disadvantage of this technique is the use of a large volume of reagent which is needed to
maintain the continuous flow. This problem can be solved by the stopped-flow method. In this
method, reactants are held in separate syringes that are prevented from free flow by syringe
pumps (Fig. 2.6(B)). The reaction is initiated by the movement of a plate, driven by the
expansion of compressed gas, which pushes the piston of the syringes and thus releasing the
reactants into the mixing chamber. There is an additional pistol at the end of observation
chamber, the stop syringe, which hits a stop plate or block once the homogeneously mixed

solution reaches the observation chamber from the mixing chamber and a continuous flow has
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been attained. This restricts the volume usage and only a small defined volume of reactants are
necessary to carry out the measurement. The dead time for stopped flow instruments is
generally in the range of 1-2 milliseconds and thus allows monitoring the reaction as a function
of time. The disappearance of reactants or the formation of products can be monitored using
fluorescence, circular dichroism, absorption or small-angle scattering [173]. This method is
helpful for deducing the underlying kinetic mechanism by varying the concentration of
reactants and determining the rate constants as a function of temperature and/or pressure.
Double-mixing stopped flow instruments consist of four syringes as against two syringes for
single-mixing stopped-flow instruments and thus are helpful in studying the reaction of

intermediates with other compounds.
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Figure 2.6. Flow techniques: (A) Schematic of a continuous-flow capillary mixing apparatus with several
detection units. (B) Schematic of a stopped-flow capillary mixing apparatus with one stationary detection unit.
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All the experiments included in this thesis were performed using the SF-61DX2 Stopped-Flow
spectro-fluorimeter which comprises four major sections: a sample handling unit, two
electronics units and a collection of optics for excitation and detection (Fig. 2.8). This
instrument can be used in single mixing mode to rapidly mix two reagents, or in a double
mixing mode where two reagents are first mixed and then a third reagent is added after some
time. The body of the sample handling unit is majorly constructed in stainless steel. All sample
flow circuit components are contained within a thermo-stable enclosure; a Pt100 temperature
probe is fitted within this enclosure for temperature-dependent measurements. The sample flow
circuit consists of four DRIVE/FILL valves, the STOP/WASTE valve and observation cell.
The four syringes and associated DRIVE/FILL valves are grouped into pairs; each pair of
syringes is driven by a common drive plate (Fig. 2.7). Samples are loaded onto the drive
syringes of the sample handling unit and are mixed using the pneumatic cylinder which
provides the drive using the stepper motor. The samples are mixed in the mixing chambers and
the flow is stopped by a stop syringe. The stop syringe is restricted by a rigid stop block or the
STOP/WASTE valve, causing rapid deceleration of the solutions and triggering of the data

acquisition system.
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Figure 2.7. Double mixing stopped-flow instrument showcasing the sample handling unit. Adapted from [49].
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The instrument uses a xenon lamp as the light source. The light passes through the
monochromator and the selected wavelength then falls on the beam splitter. The beam splitter
divides the incident light before it reaches the observation cell, so that approximately 80 %
converges onto the cell, while the remaining 20 % is diverted at a right angle to the side coupler.
A PM-61s photomultipler is attached directly to this side coupler for reference channel
detection. Both absorption and fluorescence can be detected using this instrument. For
absorbance measurements, the detecting photomultiplier is mounted opposite the incident light
entrance whereas for fluorescence the photomultiplier is placed at an angle of 90 ° with respect
to the incident light entrance (Fig. 2.7)

Sample handling

unit
Monochromator Lamp power supply unit

\stepper support unit

Control unit

Figure 2.8. Benchtop layout of SF-61SX2 of Hi-Tech Scientific. Adapted from [49].

2.3 UV/Vis Spectroscopy

Absorption in the UV-Vis region (190 nm to 400 nm) gives rise to electronic transitions,
promoting electrons from the ground n (non-bonding) or 7 orbitals (HOMO) to the excited 7*
orbital (LUMO) and thus favours molecules with delocalized © electrons i.e. aromatic and
conjugated aliphatic species [101,276]. The part of the molecules that absorbs light is known
as chromophore such as conjugated m-bond systems (azo-compounds, retinal). Usually, an
absorption spectrum pictures the dependence of absorption by a molecule as a function of
wavelength of the irradiating light.
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Figure 2.9. Schematic representation of the possible electronic transitions in a molecule upon excitation with UV-
Vis radiation.

For each system, the energetic position of the molecular orbitals is precisely defined and thus,
also the energy needed for excitation. The larger the distance between two energy states, the
higher is the energy required and thus, the smaller is the wavelength of the radiation required
for the transition. Hence, when a white light (entire UV/Vis spectrum) is illuminated on a probe,
all the electronic transitions corresponding to the appropriate energies are excited and these
wavelengths are absorbed from the spectrum. These particular wavelengths are then absent in

the spectrum detected and the sample appears in the complementary color.

2.3.1 UV-Vis spectrophotometer

This instrument is used to measure the absorption of UV /Visible radiation by a sample either
at a particular wavelength or by performing a scan over the entire range (190 nm to 400 nm) in
the spectrum. The basic structure of a UV- spectrophotometer consist of a light source, a
monochromator, a sample cell and a detector. The ultraviolet radiation is generated using a
deuterium arc lamp, a tungsten lamp is used for visible light and a Xenon arc lamp for UV/Vis
light. The monochromator consists of a diffraction grating used for splitting the light into its
component colours of different wavelength and for selecting the wavelength of interest.
UV/Vis spectrophotometry is generally used to measure absorbance for liquids, although solid
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and gas samples can also be measured. Samples are typically placed in transparent cell known
as cuvettes. Generally fused silica or quartz glass cuvettes are used due to their transparency
throughout the UV/Vis region, whereas glass and most plastic cuvettes limit their usage due to
their absorption in the UV. The detector is usually a photomultiplier that generates secondary
electrons from the photons entering it through the photoelectric effect. These secondary
electrons are accelerated in an electric field and amplified to a measurable photo current that is
proportional to the light intensity [101,173]. The two most common types of absorption

spectrometer are single and double beam spectrometers (Fig. 2.10).
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Figure 2.10. Schematic representation of (A) Single and (B) Double beam spectrophotometers where Io represents
the incident radiation and | represent the emitted radiation intensity.

In a single beam spectrometer, the absorbance of the sample (A) is measured from the intensity
of incident (lo) and transmitted radiation (1). In another measurement, the solvent contribution
to A is measured by putting only the solvent, in which the sample is dissolved, in the cuvette.
This is called blank or reference which is subtracted from A to obtain the actual value. This
technique differs from double beam spectrometers where the incident light is split before the
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sample. One part of the light is passed through the cuvette containing the sample and the other
part passes through the reference cuvette containing the solvent only. The difference between
the sample and reference cell directly gives the actual absorbance value. The most common
way to quantify Absorbance (A) is given by the Lambert-Beer Law which states that the
absorbance (A) of a molecule is directly proportional to its concentration (c) and path length
() [101,276]-

A=¢lc (44)

where ¢ is the molar extinction coefficient which is a measure of the efficiency with which a
molecule absorbs electromagnetic radiation and is wavelength dependent. If the concentration
of a sample is unknown, it can be determined from the slope of the measurement of a dilution

series of a known concentration.

The UV-Vis measurements are carried out on two different devices. On one hand the
temperature-dependent measurements at atmospheric pressure are carried out by the UV-Vis-
spectrophotometer from Shimadzu:

e Labeling: UV-1800
e Manufacturer: Shimadzu Deutschland GmbH
e Light source: Combination of W1 halogen and D2 deuterium lamps

e Temperature control: External water bath - Julabo F 32

The standardized set-up is used and a commercially available sample cell Quartz cuvette with
a volume of 1 mL and a layer thickness of 10 mm is used. On the other hand, the pressure-
dependent turbidity measurements are carried out on the UV-Vis spectrometer from the

PerkinElmer company.

e Labeling: Lambda 25

e Manufacturer: PerkinElmer

e Light source: Combination of WI halogen and D2 deuterium lamps
e Temperature control: External water bath - Julabo F 32

e Pressure indicator: TecSis P3298B093001 (electrical)

A high-pressure cell manufactured in-house (Fig. 2.11) has been used. Two quartz windows
are screwed into a cylindrical jacket. An O-Ring in the cell seals between the stainless steel

and the window. The sample volume is determined by the distance between the quartz
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windows. The space between the windows can be filled with a syringe via another vertical hole.

Then the same syringe is connected via a capillary to a hydraulic pump to build up pressure in

' UV-Vis radiation

© °
Sample solution

Figure 2.11. Schematic representation of the cross section of the high-pressure cell used for the UV-Vis

the sample solution.

-

spectroscopy. Redrawn and adapted from [163].

UV-HP cell: made in the lab (Prof. Dr. Roland Winter) (Fig. 2.11)

e Sample volume = 300 pL
e Window - quartz
e Layer thickness - 4.3 mm (window to window)

e Pressure control - Nova Swiss (hydraulic press)

2.4 Circular dichroism spectroscopy (CD)

Absorption of light by a molecule takes place due to the interaction of the transition dipole of
the molecule with the electric field vector of the light. When the vibration of electric field
vectors is confined in one plane and parallel to one unique direction, it is referred to as Linearly
polarized light [77,173]. The plane is generally known as polarization plane. The magnitude of
the vector is modulated keeping the direction constant. For circularly polarized light, the tip of

the electric vector depicts a helix as shown in Fig. 2.12.

40




> X

Figure 2.12. In circularly polarized light, the electric field vector is modulated in direction not in amplitude. The
tip of the vector describes a helix (red line). Redrawn and adapted from [173].

Movement of the vector in the clockwise direction gives rise to right-handed circularly
polarized light (RHCPL) and movement in the opposite direction forms left-handed circularly
polarized light (LHCPL). If the refractive indices of a sample for RHCPL and LHCPL are
different i.e., n;, # ng, the transmitted light still remains linearly polarized, but the polarization
plane is rotated with respect to the polarization plane of the incident light by an angle a. This
phenomenon is called circular birefringence. On the other hand, if RHCPL and LHCPL are
absorbed differently i.e., A;, # Ar and g, # &g, the transmitted light is elliptically polarised
with ellipticity 6 as shown in Fig. 2.13. This is known as circular dichroism (CD). Thus, the

direction of the electric field vector is changed keeping its magnitude constant [77,156,173].
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Figure 2.13. (A) linearly polarized light where the oscillation of the electric field vector is confined to one
direction, here in the vertical direction. (B) when the RHCPL and LHCPL are absorbed differently and their
refractive indices are different, it gives rise to elliptically polarized light and the plane of the ellipse is rotated by
the angle a. Redrawn and adapted from [173].

CD spectroscopy is used to measure the interaction of polarized light with optically active (i.e.,

asymmetric) molecules. Asymmetry arises from chiral molecules such as the peptide backbone
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[-(O)C-N(H)-] of proteins, a non-chiral molecule covalently attached to a chiral molecule
(aromatic amino acid side chains) or a non-chiral molecule in an asymmetric environment (e.g.,
a chromophore bound to a protein). Proteins are CD-active due to the presence of at least one
chiral centre in all amino acids except glycine. The resulting CD signals are sensitive to the
secondary and tertiary structure of protein. The secondary structures of proteins interact
preferentially with one circular polarization, allowing one to follow the changes in protein

structure using CD spectroscopy.

By definition, CD is measured by the differential absorbance between RHCPL and LHCPL.
Thus, from the Beer-Lambert law it can be written as

AA = A — A, = gcl — g.cl = Aecl (45)

where [ is the path length and c is the concentration of the chiral solute. However, CD data are
mostly not expressed in terms of Ae but in terms of molar ellipticity, i.e., [0]mo1ar, Which has
the units of deg cm? dmol™ and the relation between these two are expressed in Eq. 46 [63]

[0]molar = 3300A¢ (46)

[6]molar 1S related to ellipticity 6 as [63]

0
[e]molar =12 (47)

cl

The factor 100 is used for historical reasons. Thus, both 8 and [08],01ar are proportional to the

difference in extinction coefficient Ae.

CD spectra of proteins and peptides are usually measured in two spectral regions. In the far-
UV region (180-260 nm), the measured bands represent the electronic transitions of the amide
bonds of the protein backbone. The sign, magnitude and position of these bands strongly
depend on the arrangements of the peptide bonds. Thus, studies in this region give information
about the secondary structure element of the protein. The CD spectra in near-UV region (250-
350 nm) accounts for the packing of the side chains of aromatic amino acids and disulphide
bonds. It depends on the local environment of the aromatic amino acids and on their orientation
with respect to the backbone, thus providing information about the tertiary structure of the

protein.
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2.4.1 Far UV CD spectra and protein secondary structure

The most abundant elements of secondary structures of proteins are a-helices and parallel and
anti-parallel B-sheets [63,79,156]. All proteins can be grouped into five classes according to

their secondary structures:

1) All a proteins that show a strong double minimum at 222 nm and 208 +£2 nm and a
strong maximum at 19142 nm.

2) All B proteins showing a single negative at 216 +£3 nm and a single positive maximum
between 190 nm and 200 nm whereas a highly distorted B-sheet or -sheets made up of
short irregular B-strands show a strong negative band near 200 nm, similar to the
unordered form [63,156].

3) o/ proteins the have intermixed segments often alternate along the polypeptide chain.

4) o+p proteins have a-helices and B-sheets often in separate domains.

5) Denatured or unordered proteins have little ordered conformations and show a strong
negative band near 200 nm and some weak bands between 220 and 230 nm, which can

have either positive or negative signs.

For a+p and o/ proteins, the ellipticity of a-helices predominate that of B-sheets. In some
cases, a single broad minimum band may appear between 210 and 220 nm because of the
overlapping of the CD signal of various a-helices and B-sheets. For a+f proteins, the 208
+2 nm band ellipticity is higher than the 222 nm band, and the reverse is true for o/
proteins [79,156].

2.5 Phase contrast microscopy

Phase contrast microscopy was first described by the Dutch physicist Frits Zernike in 1934. It
IS a contrast-enhancing optical technique that converts phase shifts in light passing through a
transparent specimen into corresponding changes in amplitude, which can be visualized as
differences in image contrast. One of the major advantages of using this technique is that living
cells can be examined in their natural state without previously being killed, fixed and stained.
This helps in inspecting ongoing biological processes which is generally not possible in
brightfield microscopy.
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2.5.1 Working principle and instrumentation

Phase Contrast Microscope

Condenser Objective Phase Plate
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Light Rays Light Rays

Figure 2.14. Schematic representation of a modern upright phase contrast microscope showcasing the optical path
. Adapted from [125].

For an upright phase contrast microscope, ring-shaped partially coherent light is produced by
a tungsten-halogen lamp. It is then directed through a collector lens and focused on a
specialized annulus, also known as condenser annulus, positioned in the front focal plane of
the condenser. The condenser annulus is constructed as an opaque flat-black (light absorbing)
plate with a transparent annular ring. Light passing through the annulus illuminates the
specimen and either gets scattered by the specimen or remains unaffected by the specimen and
forms the background light (S-wave). Undeviated and diffracted light (D-wave) collected by
the objective is separated by a phase plate and focused at the intermediate image plane to form
the final phase contrast image observed in the eyepieces. A phase plate is constructed in or near
the objective plane in order to selectively alter the phase and amplitude of the surrounding (or
undeviated) light passing through the specimen.

The S-wave and D-wave after passing through the sample is focused at the image plane where
they combine through interference to produce a resultant particle wave (P-wave). The
mathematical relationship between the various light waves generated in phase contrast

microscopy can be described as [125]

P=S+D (48)
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According to classical optics, the optical path length (OPL) through an object is the product of
the refractive index (n) and the thickness (t) of the object as described by the relationship [125]:

Optical Path Length (OPL) =n x t (49)
The optical path length is also described as optical path difference (4) which is defined as
Optical Path Difference (OPD) =4 =(n,-ny) x t (50)

where n; is the refractive index of the specimen and n: is the refractive index of the surrounding
medium. The optical path difference results from the product of two terms: the thickness of the
specimen, and its difference in refractive index with the surrounding medium. The difference
in the wavefront between the specimen and surrounding medium is termed the phase shift (o)
and is related to OPD in radians as [197,248]:

0 =2nAlA (51)

While observing an unstained sample, the scattered light is generally weak, and phase shifted
by -90 ° with respect to the background light. This results in nearly the same intensity for the
S-wave and P-wave and hence low image contrast. In phase contrast microscopy, the image
contrast is increased in two ways [125]:

1) By generating constructive interference between the D-wave and S-wave in the region
containing the specimen by phase-shifting the background light by -90 ° using the phase
plate.

2) By reducing the amount of background light that reaches the image plane.
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3. Modulation of Enzymatic Activity by Aqueous Two-
Phase Systems and Pressure — Rivalry between Kinetic

Constants

Abstract

Macromolecular crowding inside the cell effects various physio-chemical processes such as
enzyme Kinetics, protein folding and its stability in a variety of ways. Aqueous two-phase
systems (ATPSs), a variety of liquid-liquid phase separation (LLPS), have recently been
proved to be a great medium not only for studying the crowding effect but also to research
about the mechanism for the formation of membrane-less organelles. Pressure, on the other
hand, is a powerful tool to understand the free-energy and conformational landscape of
biomolecules. In this chapter, the combined effects of ATPS and pressure on an enzymatic
hydrolysis reaction has been studied. The results imply that simple steric crowding is not
enough to explain the enzyme kinetics in a crowded medium such as ATPS. Other factors, like
a change in water activity, need also to be considered.
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3.1 Introduction

In recent years, the demand for biocatalytic processes has continuously increased as they often
present better options to chemically catalysed routes [65]. However, the underlying process
parameters of enzyme-catalysed reactions using temperature, pH and cosolvents as variables
are often restricted and lead to limited enzyme stability as well as low reaction rates and yields
[178,184]. Quite often, these parameters are also difficult to predict. However, to yield insights
into the origin behind solution conditions of enzymatic reactions, a thermodynamic approach
to predict the influence of cosolvents on the reaction kinetics on enzymatic reactions has been
addressed recently [68,172]. The approach is based on molecular interactions in the form of
activity coefficients of the substrate and of the enzyme in the multi-component solution. This
allowed us, for example, to quantitatively predict the effect of cosolvents on the kinetic
constants, i.e. the Michaelis constant, Km, and the catalytic constant, Keat, of an a-chymotrypsin-
catalysed peptide hydrolysis reaction [68,172].

To expand the window of process parameters, application of high pressure has been proposed,
as pressure may stabilize the enzyme at higher temperatures and modulate reaction rates
[129,158,160,228,287]. Pressure is also a useful tool to modulate intermolecular interactions
between molecules and thus serves as an important physical probe for changing the free-energy
and conformational landscape (e.g., conformational substates) of proteins and enzymes
[66,83,91,108,109,120]. Generally, by favouring states with a smaller partial molar volume,
pressure shifts an equilibrium towards the state with smaller overall volume, in accord with Le
Chatelier's principle [66]. The quantitative description of the effect of pressure on any chemical

equilibrium and reaction rate (e.g., an enzymatic reaction) is given by

(aan) \% (alnk) _AvF -
op /o RT ' op /7 RT (52)

where K is the pressure-dependent equilibrium constant, k is the rate constant of the reaction,
and AV and AV~ are the associated reaction and activation volumes, respectively. Hence, any
reaction that is accompanied by a negative AV*, i.e., if the transition state has a smaller volume
than the reactants partial volume, will be accelerated under pressure, and vice versa, and the K

and k values can be expected to exponentially depend on pressure [66,132,158,228].

Furthermore, a huge fraction of organisms in the Earth's biosphere is thriving at a depth in

excess of 1000 m and is therefore exposed to pressures of 100 bar and more, reaching the 1000
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bar level at the sea floor in the Mariana trench and even higher pressures in the subseafloor
crust which is abundant with life forms as well [186,233]. Hence, high hydrostatic pressure
(HHP) studies on biomolecular systems (piezophiles) are also prerequisite for understanding
life in the deep sea, an environment which is also the potential birthplace of life on Earth [233].

The effect of liquid-liquid phase separation (LLPS) as observed in agueous two-phase systems
(ATPSs) in modulating enzymatic reactions is hardly explored as well [7,43,175,232]. Liquid
condensates (also denoted as coacervates) in ATPSs can locally concentrate reactants to
accelerate reactions [46,268]. Further, different partitioning of enzyme and substrate in the
coexisting phases and condensate-reactant interactions can modulate enzymatic reaction
parameters. The use of studying the effect of ATPSs on enzymatic reactions is also of particular
interest as it has become evident in recent years that the interior of the biological cell, which is
crowded with biomacromolecules, contains also multiple coexisting liquid-like phases of
distinct composition, [232,259,286] allowing dynamic localization and sequestering of

molecules as well as reactions within these membrane-less subcellular compartments.

The best studied ATPS is the synthetic polyethylene glycol (PEG)-dextran system [43,175].
Proteins usually partition into its dextran-rich droplets because of favourable interactions with
the more hydrophilic dextran-rich phase. This ATPS where the enzymes concentrate into one
phase serves as a good in vitro model system for artificial liquid membrane-less organelles
[175,235]. Many factors can influence the enzyme activity in these dense droplet phases, both
favourably and unfavourably, such as changes in the structure and conformational dynamics of
the active site of the enzyme, changes in the chemical activity of enzyme and substrate, or

decreased diffusion in the dense droplet phase [286].

3.2 Aim

The combined effects of LLPS and high hydrostatic pressure (HHP) for modulating the kinetic
constants of enzymatic reactions is still terra incognita. So far, the effect of pressure has been
studied on pure LLPS systems, only [239,240]. Hence, the combined effect of ATPS and HHP
on a representative enzyme reaction, i.e. the hydrolysis of the substrate Ala-Ala-Phe-7-amido-
4-methylcoumarin (AAF-AMC) catalysed by a-chymotrypsin (a-CT) was studied in this
project. The a-CT is a proteolytic enzyme of the mammalian digestive system which cleaves
the amide bond at the C-terminus of an aromatic residue [71]. In this reaction, the enzyme
hydrolyses the peptide bond at the C-terminus of the Phe residue leading to the release of the
fluorescent reporter group 7-amido-4-methylcoumarin (AMC). The hydrolysis of AAF-AMC
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catalysed by a-CT follows the Michaelis-Menten kinetics, and the AMC release can be
followed by exciting it at 370 nm and recording the fluorescence emission at 460 nm as function

of time, without interferences from the substrate [54].

3.3 Materials and Methods

3.3.1 Materials

Lyophilized powder of the enzyme a-chymotrypsin (a-CT) from bovine pancreas, the substrate
Ala-Ala-Phe-7-amido-4-methylcoumarin  (AAF-AMC), the pure product 7-amido-4-
methylcoumarin (AMC), PEG of molecular weight 4.6 kDa, another substrate N-succinyl-L-
alanyl-L-alanyl-L-prolyl-L-phenylalanine-p-nitroanilide (SAAPPpNA) and dimethylsulfoxide
(DMSO) were purchased from Sigma Aldrich Chemical. Dex 10 kDa was purchased from Carl
Roth. The rhodamine B-labeled Dex 10kDa (neutral) was purchased from Thermo Fisher
Scientific. All the chemicals were used directly without any further purification. Solutions were
prepared in pressure stable Tris buffer (0.1 M Tris-HCI and 10 mM CaCl, pH 7.8) and
deionized water was used for buffer and other sample preparations.

3.3.2 Sample preparation

A stock solution of a-CT was prepared by dissolving the enzyme in buffer. The exact
concentration of the solution was determined by measuring absorbance at 280 nm by means of
UV/Vis spectroscopy (UV-1800 spectrometer from Shimadzu Corporation) and using a molar
extinction coefficient of 51000 Mt cm™*. Similarly, the stock solutions of the substrate AAF-
AMC (30 mM) and of the standard AMC (50 mM) were prepared by dissolving them in DMSO.
A strong dilution in buffer was made for both the stock solutions to determine their
concentration. The concentrations were also determined by measuring their absorbance using
an extinction coefficient of £(325) = 16000 M* cm™ for AAF-AMC and £(370) = 7600 M
cm for AMC [21]. The dansyl-labeled o-CT was prepared by dissolving the dye in acetone.
Then, the dye solution was added to the protein solution under stirring and stored at 4 °C for 2
h. After the reaction, the excess dye was removed by using a Sephadex G-25 HiTrapp Desalting
column from GE Healthcare.

For the stopped-flow experiment, the enzyme a-CT and substrate SAAPPpNA were dissolved
both in buffer and ATPS. A 400 uM stock solution of the substrate and a 2 uM stock solution
of the enzyme were prepared. Their exact concentrations were determined by using UV/Vis

spectroscopy (UV-1800 spectrometer from Shimadzu Corporation) and using a molar
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extinction coefficient of 51000 M cm for a-CT at 280 nm and 14000 M cm™ at 315 nm for
SAAPPpNA [158,253]. For all the measurements, the substrate concentration was kept
constant at 400 uM before loading into the stopped-flow system (200 uM after mixing with the
enzyme solution). The enzyme concentration was varied from 16 nM - 2 uM (8 nM — 1 uM

after mixing).
3.3.3 Fluorescence Spectroscopy — Kinetics

The enzyme kinetics was recorded using a K2 fluorometer from ISS, Inc. (Champaign, IL,
USA) which is equipped with a xenon arc lamp as light source. The excitation and emission
wavelengths were set at 370 nm and 460 nm, respectively with the slit width set at 8 nm for
both excitation and emission monochromators. The hydrolysis reaction of AAF-AMC
catalysed by a-CT was monitored by recording the increase in fluorescence intensity due to the
formation of product (AMC) at 460 nm as a function of temperature without any interference
from the substrate AAF-AMC. The temperature in all cases was kept constant at 20 °C using a
circulating water bath and sufficient time was provided for equilibration of sample chamber.
In all the experiments, the enzyme concentration was kept constant at 10 nM. The substrate
concentration was varied from 20 uM to 135 uM. The final volume of the solution was 1500
uL. The desired concentration of the enzyme and the substrate were obtained by diluting the
stock solutions with either buffer, ATPS or Dex 30 wt% solution, as needed. In case of the
pressure dependent measurements, the HHP cell system from ISS and quartz cuvettes were
used. The pressure was controlled by means of a manual pump and water was used as
pressurizing fluid. A pressure range from 1 bar to 2000 bar was explored. The enzyme and
substrate were mixed, vortexed and then put in the sample cell which was sealed with
DuraSeal™ laboratory stretch film and placed into the high-pressure vessel. Since the whole
assembling process took nearly 4 minutes, this time was taken into account in the data analysis.
Since it is not possible to correlate directly the intensity of the released AMC to concentration,
a calibration of the instrument was performed. Four solutions of different concentrations (4
uM, 2 uM, 1 uM, 0.5 puM) were prepared from the AMC stock solution in buffer, ATPS and
30 wt% Dex. Recording their intensities, a calibration curve was obtained which was then used

to convert the fluorescence intensity to the concentration of released product.

This hydrolysis reaction follows the Michaelis-Menten kinetics [71] and thus the catalytic
activity of a-CT has been characterised by determining the Michaelis-Menten constant (Kwm)

and the turnover number (kcat). Linear fitting of the data was done in the region where the
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fluorescence intensity changes with time and the slope of the fitted line gave the value of initial
rates (vo) of the reaction. The data obtained were then analysed by the Lineweaver-Burk
equation [234]

E 1 K 1
_0— + M*_

Vo kcat kcat [S]

(83)

where E|, is the total enzyme concentration and [S] is the total substrate concentration. Plotting
E, /v, against 1/[S] gives the value of Michaelis-Menten constant (Ky,) and turnover number
(kcar)- The reported values of Ky and k., are the average of at least 3 independent

measurements.
3.3.4 Steady-State Fluorescence spectroscopy

Fluorescence emission spectra of dansyl-labeled o-CT were acquired by using a K2
fluorometer from ISS, Inc. (Champaign, IL, USA). Measurements were performed at a constant
temperature of 20 °C and using a 1 cm path length quartz cuvette. Similar to the sample
preparation mentioned in section (3.3.2), dansyl-labeled a-CT was dissolved in buffer, ATPS
or 30 wt% Dex as needed. The emission spectrum was recorded in the range 450-600 nm upon
excitation at 325 nm. The position of the emission maxima was evaluated by calculating the

spectrum center of mass (CM) [135].
3.3.5 Pressure Dependent Turbidity

Pressure dependent turbidity measurements were carried out on a PerkinElmer Lambda 25
spectrophotometer with a home built high-pressure optical cell. Sapphire with a diamond of 20
mm and a thickness of 10 mm was used as window material. Pressure was applied using a high-
pressure hand pump and was measured by a pressure sensor (Burster Prézisionsmesstechnik,

Gernsbach). Water was used as pressurizing medium.
3.3.6 Pressure Dependent Microscopy

Phase contrast and fluorescence microscopy experiments were also carried out using an Eclipse
TE2000-U (Nikon Inc.) optical microscope with a Nikon CFI Plan Apo Lambda 10x objective
coupled to an TIS DMK 23UX249 camera. Rhodamine B-labelled Dex, AAF-AMC and
dansyl-labeled a-CT were used for fluorescence microscopy. For pressure-dependent

microscopy studies, a home-built high-pressure microscopy cell was used. The pressure was
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generated using a high-pressure hand pump using water as the pressure-transmitting fluid. Flat

diamond windows were used as optical window materials on both sides.
3.3.7 Circular Dichroism Spectroscopy

Far-UV and Near-UV circular dichroism were recorded on a Jasco J-715 (Jasco Corporation,
Tokyo, Japan). Far-UV spectra of a-CT (30 uM) were recorded in the range 260-195 nm using
0.01 cm path length quartz cuvette. The Near-UV spectra were acquired in the range of 320-
260 nm. The concentration of a-CT was 15 uM and the path length of the cuvette used was 0.1
cm. Enzyme was dissolved both in buffer and ATPS to record the spectra. For each sample, a
background blank (ATPS or buffer) was subtracted. The spectra recorded are a result of 6

accumulations. The spectra in both Near and Far-UV were normalized per mole of residue [22].
3.3.8 Stopped-Flow Experiments

The enzymatic hydrolysis reaction was carried out using the stopped-flow (SF) system (SF-
61SX2 of Hi-Tech Scientific) which uses a xenon-lamp as light source. The increase in
absorbance at 410 nm was monitored due to the product formation (p-nitoaniline). For all the
experiments, the temperature was kept constant at 20 °C using a circulating water bath. The
stopped-flow instrument consists of two syringes, one for the enzyme solution and the other
for the substrate and a waste collection component. The dead time of the instrument is 10 ms.
Before each measurement, the samples were kept for 10 min for complete equilibration. The
absorbance was recorded for 2 min after the rapid mixing process. For measuring the change
in absorbance during the mixing of PEG and Dex to form the ATPS, stock solutions of PEG
(25.5 wt%) and Dex (11 wt%) were prepared so as to attain the critical concentration consisting
of 12.7 wt% PEG and 5.5 wt% Dex (see section 3.4) after mixing.
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3.4 Determination of binodal curve for the PEG-Dextran system

The binodal curve was determined using PEG of M.W. 4.6 kDa and Dex of M.W. 10 kDa, both
dissolved in Tris buffer. The structure of the PEG and Dextran molecules are shown in Fig.
3.1.

H ° o/l_|
--1-{--0-cH, |
n 0
- -n
OH
OH -
OH
- - m
Structure of PEG Structure of Dextran

Figure 3.1. Schematic representation of the structures showing PEG and Dextran.

The agueous solutions of PEG and Dex when mixed above a certain weight percent at constant
temperature form two co-existing phases [43,175]. These certain weight percent points are
referred to as critical concentrations. It is very important to determine the binodal curve to be
able to locate the homogeneous region and the phase-separated region which is prerequisite in
carrying out experiments in ATPS. The experimentally determined binodal curve is depicted
in Fig. 3.2 -
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Figure 3.2. Binodals of Dex (M.W 10 kDa) and PEG (M.W 4.6 kDa) in Tris buffer at 25 °C (black squares) and
40 °C (red dots). The critical concentration of 12.7 wt% PEG and 5.5 wt% Dex lies in between the two binodals.
The lines are just guide to the eyes.

This binodal curve was determined using cloud-point titration [23]. Six different stock
solutions of PEG of M.W 4.6 kDa in Tris buffer were prepared (10, 12, 14, 16, 18, 20 wt%).
Around 2 g of each stock solution was added to six different conical flasks and their exact
weight was noted. Stock solution of Dex 20 wt% of M.W. 10 kDa prepared in Tris buffer was
added to each one of them dropwise while maintaining a constant temperature of 25 °C till the
first could-point or turbidity appeared. The total weight of the solution was recorded and the
difference from the initial weight gave the amount of Dex required for the onset of the two-
phase region at 25 °C. The conicals were then sealed with paraffin and put in a water bath at
40 °C for at least two hours. The solutions turned transparent on heating and the same procedure
was repeated for obtaining the cloud points at 40 °C. The phase behaviour depends on the
molecular weight of the polymers and their size distribution. Thus, they must be determined
for each batch of polymer used in the lab. As can be seen from the Fig. 3.2, the polymer solution
located below the binodal is a homogeneous solution whereas the one located above is phase
separated. Though PEG and Dex are both water-soluble, PEG is more hydrophobic than Dex
[23]. The critical concentration comprising 12.7 wt% PEG 4.6 kDa and 5.5 wt% Dex 10 kDa
was chosen for the experiment which partitioned into a PEG-rich top phase and a Dex-rich

bottom phase at 25 °C. The reason for this choice was the position of this critical concentration

56



in between the binodals of two different temperature. The phase diagram (Fig. 3.2) indicates
that this critical concentration falls into the one-phase region for the binodal at 40 °C whereas
it remains phase separated at 25 °C. This property could be used to shift the polymer solution
between the two- and one-phase region by changing the temperature [175]. According to the
reported phase diagram and procedures to determine the constituents' concentration [220], the
Dex-rich phase is composed of about 30 wt% Dex and about 3 wt% PEG. The PEG-rich phase
consists of about 14 wt% PEG and 2.5 wt% Dex.

3.5 Results and Discussion

3.5.1 UV data

To examine the effect of ATPS on an enzymatic reaction, SAAPPpNA was used as substrate

and o-CT as the enzyme. The model enzymatic system is shown schematically below.

Enzymatic Model System

N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide 4-npitroaniline
Absorbance max. at 315 nm Absorbance max. at 410 nm

The aim of the project was to reveal the combined effects of ATPS and pressure on the
hydrolysis reaction of SAAPPpNA catalysed by a-CT. Thus, as an initial step, UV
spectroscopic measurements were carried out to follow the reaction as a function of time (Fig.
3.3).

57



0.12 1 rrrrrrrrrrorr e
— time = 0 min
0.10 F ——time = 1 min| ]
. —time =2 min| |
3 ) )
ni [ —t{ime = 3 min| ]
0.08 | ; - o] -
~ [ time =4 min| 7
8 time =5 min| |
c I ]
g 0.06 | -
— I ]
o ]
(73 I ]
LD 0.04 -
< [ \ ]
0.02 [ / -
0.00 -. M I BRI T R | I B s
250 300 350 400 450 500 550
A/nm

Figure 3.3. UV/Vis data depicting the progress of hydrolysis of SAAPPpNA by a-CT for the formation of 4-
nitroaniline over a span of wavelengths from 250 nm to 520 nm at different time intervals.

From the Fig. 3.3 it can be inferred that with time the absorbance of the substrate (SAAPPpNA)
peak decreases at 315 nm and that of the product (4-nitroaniline) peak at 410 nm increases
indicating the formation of product with time. This increase in absorbance of the product peak

ceases after nearly 5 min signalling complete hydrolysis of SAAPPpNA.

This artificial ATPS system is highly crowded with polymers such as PEG and Dex and thus,
has higher chances of scattering due to their large molecular size. To check the scattering of
ATPS at the excitation wavelength of the substrate (315 nm) and product (410 nm), individual
UV measurements were conducted for the ATPS alone, and the ATPS and substrate with the
substrate concentration being fixed at 200 uM and ATPS with varying concentrations of
enzyme (8 nM, 100 nM and 1 uM) (Fig. 3.4).
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Figure 3.4. Wavelength-dependent absorbance data for (A) ATPS, (B) for varying concentrations of a-CT (E) in
the ATPS and (C) for 200 uM SAAPPpNA (S) in ATPS. In fig. (B) and (C), the absorbance values were recorded
at different time intervals: immediately after putting the sample into the UV/Vis spectrometer (black line), after 2
min (red line) and after 4 min (blue line).
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ATPS alone (A) and ATPS with varying enzyme concentrations (B) did not show any peak at
315 nm and 410 nm, suggesting no scattering effect at these wavelengths. The ATPS with 200
uM substrate (C) showed the usual peak at 315 nm. All these observations made sure that the
hydrolysis reaction of SAAPPpNA catalysed by a-CT could be followed by monitoring the
increase in absorbance at 410 nm caused due to product formation, p-nitroaniline, without any
scattering interference from the ATPS. To confirm this finding, some more UV measurements
were performed with 200 uM substrate concentration and varying concentrations of a-CT in

the ATPS (Fig. 3.5).
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Figure 3.5. Wavelength-dependent absorbance data for the ATPS alone (black line), 8 nM a-CT(E) dissolved in
ATPS (red line) and 200 uM SAAPPpNA (S) dissolved in the ATPS (blue line). Green, purple and yellow lines
represent the absorbance upon product formation at 410 nm by mixing 200 uM S with 8 nM E, 100 nM E and 1
uM E respectively.

As can be seen from Fig. 3.5, even with varying enzyme concentrations, there is no change in
the respective substrate and product peaks at 315 nm and 410 nm. Fig. 3.5 also indicates the
general trend that with the increase in enzyme concentration, the amount of product formation
is higher and hence the absorbance at 410 nm has increased. All these data confirm the

possibility of monitoring the kinetics of this hydrolysis reaction by following the product
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formation at 410 nm without disturbance of light scattering contribuions to the spectral region

recorded.
3.5.2 Stopped flow data

The hydrolysis reaction of SAAPPpNA catalysed by a-CT was found to be very fast, i.e., the
reaction was completed in a very short amount of time (300 s). This was the reason for the
choice of using a stopped-flow instrument to monitor the kinetics of the hydrolysis reaction.
Since, the dead time of the instrument used (Section 3.3.8) is 10 ms, it should be possible to
record any change in kinetics for fast reactions i.e., any change occurring in absorbance after
10 ms with this instrument. However, the data acquired by stopped-flow methodology didn’t
match with the UV data due to severe light scattering induced by the turbulent mixing in the

stopped-flow apparatus, which masked changes in absorption due to product formation.
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Figure 3.6. Time-dependent absorbance data at 410 nm due to the mixing of (A) ATPS and (B) 200 uM substrate
(S) dissolved in ATPS, at various time intervals: recording of absorbance after mixing the reagents from two
syringes immediately (black squares), after 1 min (red dots), after 2 min (green triangles upward), after 3 min
(blue triangles downward), after 4 min (blue squares) and after 5 min (purple triangles).

Absorbance was recorded at 410 nm as a function of time upon formation of the ATPS (Fig.
3.6) by mixing PEG and Dex stock solutions to finally obtain the critical concentration (12.7

wt% PEG and 5.5 wt% Dex). It was observed that the ATPS alone gave a considerable value
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of absorbance at 410 nm due to the scattering effect. Addition of 200 uM of SAAPPpNA to
the ATPS (Fig. 3.6) did not bring any significant change in the shape of the absorbance curve
recorded or the relative absorbance values, the reason for this being the turbulent mixing of the
PEG and Dex stock solution in the stopped-flow system, which led to the formation of a droplet
phase giving rise to strong scattering unlike in the whole UV/Vis spectral region. The scattering
due to the ATPS alone at 410 nm is so strong and the lifetime of the droplets formed so long

that it masks the actual absorbance values of product formation, as can be seen from Fig. 3.7.
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Figure 3.7. Absorbance data at 410 nm for product (p-nitroaniline) formation during the hydrolysis of 200 pM
SAAPPpNA with 8 nM a-CT (black line), 100 nM a-CT (red line) and 1 pM a-CT (blue line) in ATPS. The green
line represents the absorbance of only 200 uM SAAPPpNA dissolved in ATPS at 410 nm.

Generally, increasing the enzyme concentration increases the product formation and hence its
absorbance at 410 nm. However, a reverse trend has been observed in this case as can be seen
from Fig. 3.7. Increase in enzyme concentration from 8 nM to 1 uM decreased the absorbance
accordingly and the absorbance of 200 uM SAAPPpNA alone dissolved in ATPS was detected
to be much higher than the product absorbance obtained by mixing 200 uM SAAPPpNA with
100 nM o-CT and 1 uM a-CT. Thus, it can be concluded that these absorbance values are not

true due to the major contribution of scattering generated from the ATPS, only.
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The settling time for an ATPS depends on several factors and thus varies greatly from one
system to another [44]. The formation of a new set of droplets upon turbulent mixing also
changes the settling time and hence the absorbance values (Fig. 3.8), overriding absorbance

changes due to product formation.
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Figure 3.8. Time-dependent absorbance data at 410 nm due to the formation of the product p-nitroaniline during
the hydrolysis of 200 uM SAAPPpNA (S) catalysed by 100 nM a-CT (E) recorded after 15 mins of turbulent
mixing of a-CT and SAAPPpNA (red line) and after 231 min of turbulent mixing of a-CT and SAAPPpNA (black
line).

It can be seen from the Fig. 3.8, the absorbance at 410 nm varies with the change in settling
time after the turbulent mixing of the enzyme and substrate in the mixing chamber of the
stopped-flow instrument. Discrepancies in the amount of product formed were observed
irrespective of the fact that both the experiments were carried out with constant concentrations
of enzyme (100 nM) and substrate (200 uM). Thus, it was concluded that the actual absorbance
values due to the product formation at 410 nm was concealed by the scattering of ATPS in the
stopped-flow methodology and since, it was not possible to control the way these droplets are
formed or their size upon mixing, reliable absorbance measurements of product formation

could not be carried out. Hence, owing to the fact that the scattering contribution to the
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absorbance signals varies with time and is not reproducible, a background correction was not

possible to retrieve the true absorption values due to product formation.

Having learned the limitations of using the stopped-flow instrument in this case, it was decided
to use fluorescence spectroscopy to monitor the kinetics of a hydrolysis reaction catalysed by
a-CT. However, due to the lack of any intrinsic fluorophore in SAAPPpNA and its fast turnover
to product formation, a new substrate, Ala-Ala-Phe-7-amido-4-methylcoumarin (AAF-AMC),
was used which has a fluorescent reporter group, 7-amido-4-methylcoumarin (AMC) and a

slower reaction kinetics (see Section 3.2). The model enzymatic system is shown below-
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The excitation and emission wavelength of AMC are 370 nm and 460 nm, respectively. A
scattering profile was recorded for AMC [121,165] in both buffer and ATPS to check for any

scattering contribution resulting from the ATPS in the emission wavelength region of the

product (Fig. 3.9).
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Figure 3.9. Scattering profile for AMC in buffer (black line) and ATPS (red line).
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In fluorescence, the detector is at 90° and in this configuration, the scattering profile is a
Gaussian curve [121]. As can be seen from Fig. 3.9, there was no scattering observed at 460
nm and maximum scattering was obtained around the excitation wavelength (370 nm), only.
Hence, it was possible to record the fluorescence emission of product (AMC) at 460 nm as a
function of time, without interferences from light scattering caused by the inhomogeneity of
the ATPS.

3.5.3 Fluorescence spectroscopy study of the enzyme Kinetics

18 60
= 1 bar = 1 bar
e 500 bar e 500 bar
151 4 1000 bar 501 4 1000 bar
v 2000 bar v 2000 bar
12 40 -
(7] (2]
> 9 \°30
N 9 s 30+
¥y o
6 20
3 10
A B
0 T T T T T 0 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
i 1/[S] / uM-! 1/[S] / pM-!
= Buffer c 244 = Buffer D
e ATPS e ATPS
8- 2.0
S J
2 6l . 1.6
3 2
= ;§1.2—
= 4_
< !
- 0.8
2a
0.4
&
¢ " 5
0 T T T T T 0.0 T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
p/bar p/bar

Figure 3.10. Lineweaver-Burk plots for the hydrolysis of AAF-AMC catalyzed by a-CT in (A) buffer and (B)
ATPS. The colored lines represent the best fits of the experimental data according to Eqg. 53. In (C) and (D), the
dependences of 1/Ku and ke On pressure, p, are reported. The binding (AVp) and the activation (AV?) volumes
were calculated by fitting the experimental points to Eq. 52. E; and [S] are the total enzyme and substrate
concentrations, respectively, vo is initial rate, Ky is the Michaelis-Menten constant and Kz is the turnover number.
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Fig. 3.10 shows the plot of Eo/vo vs. 1/[S] i.e., Lineweaver-Burk plots for the hydrolysis
reaction of AAF-AMC catalysed by a-CT in buffer and in the ATPS. As have been mentioned
in Section 3.3.3, all experiments were carried out at constant temperature of 20 °C and the
pressure range from 1 bar to 2000 bar was explored both for buffer and the ATPS. The
isoelectric point of the protein is 5.4, hence it is negatively charged in the buffer used. This
reduces the risk of aggregation, which is higher in crowded media. The kinetic parameters that
have been obtained from the linear fits of the data (section 3.3.3) have been summarised in
Table 1.

1 bar 500 bar 1000 bar 2000 bar

Solvent Km/ UM Keat/ s Km/ UM Keat/s? Km/ UM Keat/ st Kvm/ M Keat /st

Buffer 172437 0.93+0.14 | 223439 0.80+0.12 | 283+70 1.02+0.23 | 396+61 1.71+0.23
Dex 87+6 1.00+0.05
ATPS 201+34 0.33+0.05 | 233+69 0.32+0.08 | 209+40 0.22+0.03 | 241+42 0.30+0.05

Buffer: 0.1 M Tris-HCI and CaCl,; 10 mM, pH 7.8
Dex: Dextran 10 kDa 30 wt%
ATPS: PEG 4.6 kDa 12.7 wt% and Dex 10 kDa 5.5 wt%

Table 1. Kinetic parameters for the hydrolysis of AAF-AMC catalysed by a-chymotrypsin at different pressures
and at the temperature of 20 °C.

The Km and keat values obtained for neat buffer at ambient pressure are in good agreement with
the previously reported data [54]. Since the Dex-rich phase contains 30 wt% Dex and 3 wt%
PEG (Section 3.4), kinetic measurements were also performed in pure 30 wt% Dex at ambient
pressure to compare the values of the kinetic constants with other systems. The value of kcat in
30 wt% Dex is similar to that in neat buffer, indicating no change in the turnover number of
the enzyme. Generally, dextran solutions being viscous compared to buffer lead to the decrease
in diffusion coefficient of the substrate and enzyme and thus, a decrease in Keat is observed [57].
Since no such effect is seen in this case, it proves that the reaction is not diffusion controlled
but is rather reaction-controlled. The Km value decreases by nearly 50% with respect to buffer,
indicating an increase in the enzyme-substrate affinity. This can be due to the crowding
imposed by Dex due to its high concentration (30 wt%) which gives rise to a pronounced
excluded volume effect leading to an increase in the effective concentration of the reactants
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and the association rates [57]. This excluded volume effect might be the reason for the highest

catalytic efficiency (keat/Km) in Dex 30 wt% solution followed by buffer and ATPS.

The trend in the values for the catalytic constants in ATPS at ambient pressure were exactly
the opposite to what was observed for the neat buffer solution. In ATPS, while the Km remains
nearly constant, the kca: value decreased from 0.93 s to 0.33 s, Similar values of K in buffer
and ATPS also proved that the reaction is not diffusion controlled and that both the enzyme
and substrate partition in the same phase of the ATPS. The partitioning was further confirmed

by phase contrast and fluorescence microscopy experiments.

Figure 3.11. Phase contrast (left panels) and fluorescence (right panels) microscopy pictures of the ATPS (top)
with rhodamine B-labeled dextran, (middle) danysl-a-CT and (bottom) AAF-AMC substrate (T =20 °C,p=1
bar). The size of the scale bar is 50 pum.
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Fig. 3.11(top) depicts phase contrast microscopy pictures of the ATPS. The system is
characterized by the presence of micrometer-sized droplets. Dextran was labeled with
rhodamine B which showed that droplets are enriched with Dex, thus representing the Dex-
rich droplets that are dispersed in the PEG-rich phase. Using dansyl-labeled a-CT (Fig. 3.11,
middle) and taking advantage of the intrinsic fluorescence of the AAF-AMC substrate (Fig.
3.11, bottom), it was also shown that both the enzyme and the substrate partition in the same
phase, i.e. the Dex-rich droplet phase. Though this same phase partitioning can explain the
minor changes in the Kuv value, it cannot account for the drastic decrease in the kcat Value as

compared to the neat buffer system.

CD spectroscopy studies were performed to check any alterations in the conformation of the
protein. Both the secondary and tertiary structure of a-CT are not significantly affected in the
ATPS as can be seen from Fig. 3.12. Previously, high-pressure FTIR spectroscopy studies have
shown that the enzyme is stable up to several kbar pressures [158]. Thus, the CD results rule
out any possibility of the effect of structural changes on the kinetic constants values in the
ATPS.
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Figure 3.12. (A) Far-UV and (B) Near-UV circular dichroism spectra of a-chymotrypsin in buffer (black lines)
and in the ATPS (red lines).

Comparing the kcat value in ATPS with that of 30 wt% Dex clearly indicates that the steric
crowding effect caused by high concentration of polymers is not the sole reason for the
dramatic change in the turnover number. The probable reason for the ~70 % decrease in Kcat

can be explained by a change in water activity owing to the markedly reduced water content in
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the ATPS with respect to the bulk solution, as has been observed in osmotically stressed PEG
systems [71]. Such changes in water activity may affect the rehydration and release kinetics of
the products. To confirm such assumption, steady-state fluorescence spectroscopy was
performed using dansyl-labeled o-CT in buffer, the ATPS and in 30 wt% Dex.
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Figure 3.13. Normalized fluorescence emission spectra of Dansyl-a-chymotrypsin in buffer (black line), Dex 30
wt% (red line) and in the ATPS (blue line). The experiments were carried out at 20 °C using a 1-cm path length
quartz cuvette.

The fluorophore used in this case, i.e., the dansyl group is sensitive to the change in polarity in
its local environment and thus, is perfect to determine the change in hydration and water
dynamics surrounding the enzyme. As is seen from Fig. 3.13, the center of mass (CM) in the
fluorescence emission spectrum of the dansyl-labelled a-CT in buffer is located at 523 nm,
similar to that of the position of the CM in 30 wt% Dex. This observation indicates that the
crowding induced by the high concentration of Dex does not in any way change the hydration
and the microenvironment surrounding the protein surface. On the other hand, a significant
blue shift of the CM in ATPS was observed at 519 nm, revealing that the level of hydration
and water dynamics close to the surface of the protein is markedly reduced. This change in the
position of the CM for dansyl-labeled a-CT in the ATPS also supports the presumption that the

decrease in kcat IS due to the change in hydration of the enzyme surface which affects the
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catalytic activity of the enzyme [71]. The difference in the CM value between 30 wt% Dex and
ATPS shows that the Dex 30 wt% phase has different physico-chemical properties than the
Dex-rich droplet phase of the ATPS system, which in addition contains 3 wt% PEG molecules.

In the next step, the effect of high hydrostatic pressure (HHP) on the catalytic activity of a-CT
in both buffer and ATPS was measured by means of steady-state fluorescence spectroscopy. In
neat buffer, an increase in pressure lead to an increase in both keat and Km. The Kwm value
increased from 172 uM at ambient pressure to 396 uM at 2000 bar, indicating that the pressure
decreases the enzyme-substrate affinity. Similarly, the turnover number of the enzyme was
accelerated from 0.93 s at ambient pressure to 1.71 s at 2000 bar. This increase in Keat
suggests the formation of a compact transition state of the enzyme-substrate complex,
rendering the activation volume negative (Eg. 52) [66]. Following similar arguments, the
increase of Km should be related to an increase in the overall volume upon formation of the ES

complex, i.e. upon substrate binding to the enzyme.

However, in the ATPS no significant effect of HHP was observed on the catalytic activity of
the enzyme. By increasing the pressure up to 2000 bar, both the Km and kcar values remain
essentially constant around 200 uM and 0.30 s, respectively. These results indicate that the
ATPS counterbalances the effect of pressure in modulating the kinetic constants of the a-CT
catalyzed hydrolysis reaction. In an effort to rationalize these findings, the effect of HHP on

the stability of ATPS system was explored using phase contrast and turbidity measurements.

71



Figure 3.14. Phase contrast microscopy pictures of the ATPS at selected pressures. The experiments were
performed at 20 °C. The size of the scale bar is 50 pm.

Fig. 3.14 showed that there was no significant change in the size and amount of the droplets in
the whole pressure range covered which relates to the fact that HHP has no effect on the
stability of the ATPS at room temperature. This is probably due to the absence of any
significant void volume in this artificial ATPS. This is also supported by the turbidity

measurement as shown in Fig. 3.15.
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Figure 3.15. Changes in apparent absorbance (turbidity) with pressure of the ATPS at 20 °C (black line) and, as
a reference, at 40 °C (red line). The employed PEG/Dex mixture is phase separated at 20 °C but not at 40 °C.

Fig. 3.15 shows that only minor changes were detected upon increasing the pressure at room
temperature. Since it has been established from the phase diagram (Fig. 3.2) that this artificial
ATPS is phase separated at 20 °C and moves towards the one-phase region at 40 °C and above,
the absorbance (a measure of turbidity here) of the system at 40 °C is lower compared to 20 °C
owing to its homogeneous nature. Since the ATPS lies at the boundary of the two- and one-
phase system at 40 °C, the absorbance is close to zero at this temperature. However, as the
ATPS is not completely homogeneous like the neat buffer system, it still shows some turbidity
value over the entire pressure range explored. Thus, the counterbalancing effect of the ATPS
on the kinetic parameters at 20 °C cannot be explained by changes of the structure of the ATPS
at HHP.
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To shed more light on the changes imposed by the ATPS, a volumetric analysis of the results
was carried out. According to Eq. 52, from the pressure dependence of the kinetic and
equilibrium constant it is possible to determine the partial volume changes for a given reaction.
In particular, from the pressure dependence of 1/Kwm and Kcat, the binding volume, AVp, and the
activation volume, AV#, of the enzyme reaction can be determined [158,159,160,243].The
binding volume, AV, refers to the difference between the volume of the enzyme-substrate (ES)
complex and the uncomplexed state (E+S), and the activation volume, AV?, at high substrate
concentrations refers to the volume difference between the activated complex (ES?) and the

enzyme-substrate complex (ES).

Buffer
ATPS

Partial molar volume

E+S ES (ES)* E+P

Reaction coordinate

Figure 3.16. Schematic representation of the volume profile for the a-CT-catalyzed hydrolysis reaction of AAF-
AMC substrate in buffer (black lines) and in the ATPS (red lines), with reference to V(E+S). The partial molar
volume of the product state (E+P) cannot be given and is hence denoted as dashed line.

AVy in fact was found to be positive, 9.8 + 0.7 mL mol™, and AV7 to be negative, -9.2 + 3.0 mL

mol, pointing to the decreased enzyme affinity and increased turnover number upon pressure

74



increase. The positive sign for AV} indicates that the partial molar volume of the ES complex
is slightly expanded with respect to the uncomplexed state, which might be due to the release
of hydration water upon binding. The negative value of AV? demonstrates that the volume
occupied by the activated complex (ES?) is smaller compared to the ES complex, which is
hence more compressible than the activated state. Since the AVp and AV* values are of similar
magnitude but of opposite sign, the enzymatic efficiency, kca/Km, remains almost constant in
the pressure range from 1 to 2000 bar. Conversely, in the ATPS, the two values, AVp and AV*
(2.0 +0.9 and 2.2 + 2.0 mL mol™?, respectively) are both small and positive, making the kinetic
constants in the ATPS rather insensitive to pressure. As hydration is a major contribution of
the partial molar volume of proteins [215,243] the marked decrease in AV in the ATPS system
with respect to the neat buffer solution is most likely related to the lower level of hydration of
the reactants in the ATPS, i.e. also to a smaller volume-reducing electrostrictive effect of

hydration water.

3.6 Conclusions

Generally, Km and ket are known to depend in a complex way on
solvent/cosolute/substrate/enzyme interactions, implicating that activities instead of
concentrations of the reactants should be used in quantifying and predicting the kinetic
constants [68,172]. In addition, substrate binding requires the (partial) dehydration of both the
active site and the substrate, and product release requires rehydration of the enzyme and
product molecules. Further, next to strong crowding, lower water activities may change the
conformational flexibility of the enzyme and hence its function. Generally, a high flexibility is
fostering enzymatic activity. Hence, water activity can be expected to affect both Km and Kcat.
Here it has been shown that simple steric crowding effects, such as in the presence of high
concentrations of dextran, are not able to explain the kinetic constants in the ATPS. Additional
contributions, such as changes in water activity and in reactant activity via non-specific weak
interactions with ATPS components (e.g., hydrophobic substrates with PEG), must be invoked
in explaining the results obtained. Certainly, depending on the substrate, other scenarios, such
as product inhibition, could play a role as well [215]. By affecting the binding and activation
volume, pressure is able to modify the kinetic parameters. In the case of a-CT, a significant
increase of kcat s observed at HHP. Remarkably, the effect of pressure on the kinetic parameters
is alleviated in the ATPS, which is most likely related to changes in water activity and dynamics
in the dense droplet phase of the ATPS. This indicates that the presence of PEG in the ATPS,

i.e. the composition of the ATPS, has a marked effect on the properties of the droplet phase
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and hence on the kinetic constants, rendering them rather robust to changes of pressure even
up to the 2 kbar level compared to the neat buffer solution. These findings might be relevant
for understanding cellular processes of piezophiles and might also have bearings on
biotechnological applications using liquid-liquid phase separation and pressure in concert to
modulate enzymatic reactions.
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4. Combined Effects of Aqueous Two-Phase System and
High Hydrostatic Pressure on the Binding of BSA and
ANS

Abstract

Molecular recognition or binding is one of the most important reasons for the proper
functioning of cells. Binding of macromolecules depends on several factors, the most
prominent being the various kinds of interactions that are present at the binding site. Pressure,
on the other hand, effects the intra- and intermolecular interactions in a protein, leading either
to its stabilisation or denaturation at higher pressure. This chapter focusses on the combined
effect of ATPS and HHP on the binding of the plasma protein Bovine Serum Albumin (BSA)
and the fluorophore 1-anilino-8-naphthalene (ANS) serving as ligand. The results indicate that
ATPS being a highly crowded medium alters the affinity of various binding sites as compared
to equivalent binding sites in neat buffer solution. The decrease in binding affinity with an
increase in pressure in both buffer and ATPS suggests an unfavourable effect of pressure on
the hydrophobic interaction between BSA and ANS which is the main driving force for

binding.
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4.1 Introduction

Molecular recognition is an important phenomenon in cells by which biomolecules interact
among themselves or with other molecules via non-covalent interactions to form specific
complex [27]. This phenomenon has two important characteristics: specificity and affinity.
Specificity leads to the binding of a macromolecule with specific binding partner, whereas
affinity determines that a high concentration of weakly interacting partners cannot replace the
effect of a low concentration of the specific partner interacting with high affinity [39]. Proteins
are a very important class of macromolecules and play a variety of roles in the cell, including
biochemical (enzyme reactions), cell signalling and more [8,16,88]. All these works require
the direct interaction of proteins with other biomolecules such as proteins, nucleic acids or
small ligands. Thus, it is essential to know in-depth the factors effecting molecular binding for
a better understanding of the cellular processes [16,118]. Apart from this, molecular
recognition is an important step in drug design [245]. The effectiveness of a drug in the human
body depends on its pharmacokinetics and pharmacodynamics [26]. Pharmacodynamics deals
with the mechanism of drug action. A drug acts effectively inside the human body with an
increase in its concentration till a certain limit after which it becomes toxic. The deciding factor
for this limit is the binding affinity between the drug and the biological macromolecule,
especially the plasma proteins [26]. Thus, knowledge of molecular binding may help in better

drug design and delivery.

Serum albumins are the most abundant plasma proteins in human constituting about 60 % of
the total serum content [81,249]. Of them, Bovine and Human Serum Albumins (BSA and
HSA, respectively) are the most studied proteins. The main function of serum albumin is to
transport a wide variety of fatty acids, hormones and metal ions [87,171]. Binding to BSA has
been characterised by several molecular forces such as hydrophobic, hydrogen bonding and
electrostatic interactions which are present in various binding sites [171]. 1l-anilino-8-
naphthalene (ANS) is a widely used fluorescent probe for biological studies, e.g., for studying
conformational changes and folding-unfolding of proteins [9,97,98,202]. It is used extensively
to characterise hydrophobic pockets in proteins since the fluorescence quantum yield of ANS
in a polar solvent, such as water, is much less, and is significantly enhanced upon binding to
the hydrophobic pockets of proteins [97,202]. The structure of ANS is shown in Fig. 4.1.
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Figure 4.1. Structure of 1-anilino-8-naphthalene (ANS).

In this chapter, the binding of ANS to BSA has been studied in neat buffer (Tris buffer) and
ATPS. As has been mentioned in Section 3.1, the ATPS serves as a primitive model for
understanding membraneless organelles [188,223,235]. This synthetic ATPS is composed of
two co-existing phases, one Dex-rich and the other is PEG-rich and it would be of great
importance to reveal how crowding imposed by the ATPS affects the binding phenomenon,
which might be helpful in explaining several biochemical reactions occurring in biological
membraneless organelles and subsequent drug design for the human body. The effect of HHP
on the binding has also been studied in this chapter. Several organisms have been discovered
to thrive at extreme pressure conditions on earth [20,28,181], and the adaptability of their
molecular machinery in such harsh situations is still under investigation [13,74,89,182]. Hence,
the combined effect of HHP and ATPS has been studied on the binding of ANS to BSA to shed
some light on the details of molecular binding in such crowded environment as well as in

piezophiles.

4.2 Materials and methods
4.2.1 Materials

Lyophilized powder of the protein bovine serum albumin (BSA), the fluorophore 8-
anilinonaphthalene-1-sulfonic acid (ANS), PEG of molecular weight 4.6 kDa and FITC-
labeled BSA were purchased from Sigma Aldrich Chemical. Dex 10 kDa was purchased from
Carl Roth. All the chemicals were used directly without any further purification. Solutions were
prepared in pressure-stable Tris buffer (10 mM Tris-HCI, pH 7.4) and deionized water was

used for buffer and the sample preparations.
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4.2.2 Sample preparation

A stock solution of BSA was prepared by dissolving the protein in buffer. The exact
concentration of the solution was determined by measuring the absorbance at 280 nm by means
of UV/Vis spectroscopy (UV-1800 spectrometer from Shimadzu Corporation) and using a
molar extinction coefficient of 43600 M cm™. Similarly, a stock solution of the fluorophore
ANS was prepared by dissolving it in water, and subsequent dilution in buffer was performed
to determine the exact concentration. The concentration was determined by measuring the

absorbance using an extinction coefficient of £(350) = 4950 M cm™ [81].
4.2.3 Steady-state fluorescence spectroscopy

The binding dynamics was recorded using a K2 fluorometer from ISS, Inc. (Champaign, IL,
USA) which is equipped with a xenon arc lamp as light source. The excitation and emission
wavelengths were set at 350 nm and 468 nm, respectively, with the slit width set at 8 nm for
both excitation and emission monochromators. The binding of ANS to BSA was monitored by
recording the increase in fluorescence intensity due to the complex formation at 468 nm by
scanning over a wavelength range of 420-520 nm. For analysing the fluorescence data obtained,
two different models were developed. The first model (Model 1) was designed by assuming
that all the binding sites of BSA are equivalent and independent of each other, whereas the
second model (Model 2) assumed independent and non-equivalent sites. The detailed
mathematical treatment of both the models is shown below. The temperature in all cases was
kept constant at 25 °C using a circulating water bath and sufficient time was given for
equilibration of the sample chamber. In all the experiments, the ANS concentration was kept
constant at 5 uM. The BSA concentration was varied from 0 uM to 40 uM. The final volume
of the solution was 1500 uL. In case of the pressure dependent measurements, the HHP cell
system from ISS and quartz cuvettes were used. The pressure was controlled by means of a
manual pump and water was used as pressurizing fluid. A pressure range from 1 bar to 2000
bar was explored. The ANS and BSA were mixed, vortexed and then filled into the sample cell
which was sealed with DuraSeal™ laboratory stretch film and placed into the high-pressure

vessel.

A Job's plot, also known as the method of continuous variation, is a very useful method for the
characterization of products formed by an interaction of two species [194]. In this method, the
mole fractions of both the species are varied while keeping their total concentration constant.
In this case, in determining Job's plots at ambient pressure, the total concentration of ANS and

82



BSA was kept constant at 35 uM and the mole fraction of ANS (xans) was varied from 1 to
0.05. The total volume of the solution was 100 pL. The fluorescence intensity of the BSA-ANS
complex was measured and plotted versus the ANS molar fraction. Linear regression fittings
were made at the two extremes of the curve. The cross point between the two linear plots
provided the amount of ANS (molar fraction) for the binding stoichiometry of the fluorescent

complex.
Model 1- equivalent and independent binding sites

The following equilibrium was considered. Ligand (L) binds to n sites of the protein P, forming
an PLn complex:

P + nL 2 PL, (54)
Concentrations at timet =0 [Po] [Lo] 0
at equilibrium [Po-x] [Lo-nx] [X]

where [Po] represents total protein concentration, [Lo] total ligand concentration, [X] is the
amount of complex formed and n is the ratio of moles of ligand by moles of protein.

The microscopic binding constant Ky is defined as

_ Ip) _ [x] (55)
P T IPIL] T [Po-x][Lo—nx]

= ([Po][Lo] — n[x][Po] — [x][Lo] + n[x]*)K) — [x] = 0 (56)

Rearranging Eq. 56, a second order equation is obtained which can be represented as

ax?—bx+c=0 (57)

where a = nKy, , b = (1 + n[Py]K;, + [Lo]Kp) and ¢ = [Py][Lo]Kp.
Solving the second order Eq. 57 gives two solutions out of which one solution (x1) is valid in
this case (Eq. 58):

Vb2—4ac—b

X, = —
1 2a

(58)

X1 represents the amount of complex formed. The average number of ligands bound to the

protein at any given time is defined by the parameter v [170]-

5= moles of ligand bound _nx; (59)
" moles of total protein concentration - [Po]

The fractional saturation, 6, is given as the ratio of moles of complex formed to the moles of

total protein concentration and is related to v as-
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_ o _ (-(PFae)-b)

0= ="l 2a[P,]

(60)

S|

Further, the fractional saturation can be correlated to the experimentally obtained fluorescence

intensity as

AF F—F,
0 = = . (61)
AFmax Fs—Fp
where F is the fluorescence intensity of the complex formed, Fo is the intensity of ANS alone
in buffer or the ATPS, and Fs is the fluorescence intensity when the binding reaches saturation.
Since the total protein [P,] and total ligand [L,] are known, equating Eq. 60 to Eq. 61 yields
Eq. 62:

(-(p7=4a0)-

b)
Za[Po] AFmax (62)

AF =

Model 2 - Non-equivalent multiple and independent binding sites
The equilibrium for this model is represented as-

[PL']

P+ L'=PL = o

(63)

! " [PL]
P+L = PL K, = —= 64
2 [P][L ] ( )
The total binding constant K is given by the summation of K; and K. Combining the above
equilibria and solving the equation in a similar way as for model 1, ¥ is given as

__m[PL] | np[PL] _ ny[PL']4n[PL’]
V=T YTl T 1ml (%9)

The fractional saturation & is given by:
1 (—( ’b%—‘l-alCl)—bl) <—< ’b22—4a202>—b2>
_|_

ni+n; 2a4[Po] 2a;,[Po]

6 =

(66)
where: a; = nK; and a, = n,K,

by = (1 + ny[Py]K; + [Lo]K>) and by = (1 + ny[Py]K, + [Lo]K>)
¢1 = [Pol[Lo]K; and ¢, = [Po][Lo]K>
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4.2.4 Pressure dependent turbidity measurements

Pressure dependent turbidity measurements were carried out on a PerkinEImer Lambda 25
spectrophotometer with a home built high-pressure optical cell. Sapphire with a diameter of 20
mm and a thickness of 10 mm was used as window material. Pressure was applied using a high-
pressure hand pump and was measured by a pressure sensor (Burster Prazisionsmesstechnik,

Gernsbach). Water was used as pressurizing medium.
4.2.5 Pressure dependent microscopy measurements

Phase contrast and fluorescence microscopy experiments were also carried out using an Eclipse
TE2000-U (Nikon Inc.) optical microscope with a Nikon CFI Plan Apo Lambda 10x objective
coupled to an TIS DMK 23UX249 camera. FITC-labeled BSA and the intrinsic fluorophore
property of ANS were used for fluorescence microscopy. For the pressure-dependent
microscopy studies, a home-built high-pressure microscopy cell was used. The pressure was
generated using a high-pressure hand pump using water as the pressure-transmitting fluid. Flat

diamond windows were used as optical window materials on both sides.
4.3 Results and discussion

Steady state fluorescence experiments were performed to check the intensity of ANS alone in
buffer and the ATPS at ambient pressure and at a temperature of 25 °C. From the Fig. 4.2 it is
evident that ANS alone in buffer (blue line in A) or in the ATPS (black line in B) does not have
any significant fluorescence intensity. It shows a strong increase in fluorescence intensity when
complexed in the hydrophobic pockets of BSA as has been reported [97,202]. ATPS alone
(blue line in B) too does not show any significant intensity due to scattering of droplets
compared to the intensity of BSA-ANS complex. Due to the negligible intensity of pure ANS
in buffer or ATPS, the Fo value in Eg. 61 was assumed to be zero.
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Figure 4.2. Fluorescence intensity of the neat ATPS and of 5 uM ANS in buffer (A) and the ATPS(B) and in
complex with BSA.

Fig. 4.3 shows the binding curves (AF normalized vs [BSA]wotal, See Section 4.2.3) of BSA and
in the ANS in buffer (10 mM Tris-HCI, pH 7.8) and ATPS at a constant temperature of 25 °C
and at ambient pressure. The AF values for both buffer and ATPS were normalized by dividing
each value with their respective saturation value (AF value at the highest BSA concentration)
for direct comparison. The binding constants obtained in buffer and in ATPS under various

pressure conditions are summarised in Table 2 and Table 3, respectively.
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Figure 4.3 Binding isotherms for the binding of ANS to BSA in buffer (black squares) and in the ATPS (red dots)
at ambient pressure. The colored lines represent the best fits of the experimental data according to Eq. 62.

Buffer (Table 2)
Pressure / bar K, (M) #1096 n

1 4.2+0.9 3.2+0.3

500 3.2+1.1 3.1+0.2

1000 2.8+0.9 3.1+0.2

1500 1.9+0.6 3.0+0.1

2000 1.2+0.4 2.940.1
ATPS (Table 3)

Pressure / bar K, (M) *10°¢ n K (M) *10° n R?

1 4.28 2 0.420 1 0.996530334
500 5.38 2,3 0.225 1,04 0.999295298
1000 0.415 2 0.224 1 0.999063336
1500 0.820 2 0.0898 1 0.998511903
2000 0.402 2 0.0994 1 0.998481566

Table. Binding parameters for the binding of ANS to BSA at different pressures and at a temperature of 25 °C in

buffer (Table 2) and in the ATPS (Table 3).
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As can be seen from Fig. 4.3, the shape of the binding curves of BSA and ANS in the ATPS
and buffer exhibit striking differences. The binding constant (Ky) value of 4.2*10° M and the
total number of binding sites (n) has been found to be 3 (Table 2) for binding in buffer at
ambient pressure. These results were obtained by fitting the raw data (fluorescence intensity)
using Model 1 (see Section 4.2.3 (A)) where it was assumed that all the sites are equivalent and
independent of each other. Thus, the binding of ANS to one site on BSA does not in any way
affect the binding to the remaining sites. The raw data were also fitted using the second binding
model (Section 4.2.3 (B)) involving non-equivalent binding sites, but no good fits were
obtained, suggesting that all the binding sites are probably equivalent. The Ky obtained in this
case represents an average of all the microscopic binding constants for each of the three sites.
However, the difference in the binding affinity between ANS and BSA in the three individual
binding sites couldn’t be distinguished using fluorescence. The reason for this may be very
small differences between the binding constant values of the three sites, often techniques, such

as NOIR titration, might be able to reveal these minor differences.

On the other hand, in the ATPS at ambient pressure, a significant change in the shape of the
binding curve has been observed (Fig. 4.3). A steep rise of the curve has been detected till the
BSA concentration of 8 uM followed by a more gradual increase for higher BSA concentrations
(10-40 uM). The data were fitted using the non-equivalent model (Section 4.2.3 (B)) and two
binding constants (K1 and K>) for two different classes of binding sites (n1 and nz) have been
obtained (Table 3). The steeper part of the curve corresponds essentially to the behaviour of
two binding sites (n: = 2) and the binding constant is given by Ki which is equal to 4.28*10°
ML, Similar to the buffer data, K1 is a microscopic binding constant representing the overall
binding of both sites. The less prominent rise in the latter part of the binding curve with increase
in BSA concentration is characterised by a binding constant Kz of 0.420*10° Mand n; = 1.
Hence, K> embodies the microscopic binding constant of the third binding site. The total
stoichiometry (n1+n2=n = 3) is however preserved in the ATPS compared to that in the buffer.
The relatively higher value of K1 connotes stronger binding affinity between BSA and the ANS
at two binding sites compared to the third one. Since K is similar in magnitude to Ky in buffer
solution, it can be said that the third binding site with binding constant K> is the most affected
one by the ATPS. Though the exact reasons have not been completely understood, a few

possible explanations can be suggested.
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Numerous works on the investigation of ANS binding to BSA have been performed, yet no
certainty about the binding stoichiometry and values of binding constants could be inferred.
Some experiments report six binding modes whereas some state two [31,84,211,248]. The
detection of two binding modes [3,5,246,274] in this experiment may be explained based on
the BSA-like structure as proposed by Togashi and Ryder [81]. They used the Forster resonance
energy transfer (FRET) method in donor-acceptor pair to determine the energy transfer
efficiency between tryptophan residues (BSA) and ANS bound at different binding sites. It was
assumed that the smaller Forster radius (6-12 A) of the tryptophan residues [81] as compared
to the distance between them in serum albumin (~36 A) restricted the energy transfer between
the tryptophan residues. Hence, the energy transfer efficiency was solely related to the degree
of occupied binding sites which helped in calculating the distance of each donor centre to the
different acceptor centres. These distances match well with the crystallographic studies of HSA
complex [117] and hence, the approximation of BSA structure (Fig. 4.4) was proposed by
Togashi and Ryder based on the crystal structure of HSA complexed with arachidonic acid
obtained from the Protein Data Bank (ID: 1 gnj) [210].

oy :
) < Trp-212;

\ >\ ‘&‘*u

Figure 4.4. Three-dimensional representation of the "BSA-like" structure based on HSA complexed with
arachidonic acid obtained from the Protein Data Bank (PDB ID: 1gnj) [4]. Dashed circles centred at the tryptophan
residues limit the region for energy transfer efficiency greater than 50%. Adapted from [117].

As has been described in the literature [81], Trp-212 in BSA is believed to be located in a
similar hydrophobic microenvironment as the single Trp-214 in HSA whereas Trp-134 is

considered to be more exposed to the solvent i.e., water-accessible. It was found by Togashi
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and Ryder that majority of binding sites are within the Forster radius limit close to Trp-214 and
one binding site located very close to Trp-134. This might correspond to the two binding sites
with binding constant Ky obtained in this case in the ATPS. The third binding site with binding
constant K> may be present close to Trp-134. Generally, several hydrophobic pockets on the
surface of BSA bind the ANS aromatic rings with high affinity whereas binding of ANS to
charged groups or hydrophobic clusters at the protein surface may reduce the affinity. ANS
being a negatively charged molecule can bind strongly to cationic groups of polyamino acids
(electrostatic interaction) [189,274]. Thus, the presence of negative or positive charged groups
on the protein surface or in the hydrophobic pockets can alter the ANS binding to the protein
[153,236,257]. The environment of Trp-134 might be more hydrophilic compared to Trp-212
due to its greater exposure to the solvent and since the hydrophobic interaction is the main
driving force in the binding of ANS to BSA [115,246], Trp-134 binds to the ANS with lower
affinity than the other two sites [187]. Several studies have shown that there exist electrostatic
interactions between the sulfonate group of ANS and the polar patches in the hydrophobic
cavities of BSA in the high-resolution structures of ANS complexed with BSA [8,73]. The
more solvent exposed ANS molecules are reported to form complexes with BSA through
hydrogen bonding or salt bridges between the sulfonate group and residues with hydrogen
donor side chains [169,246]. Moreover, the exposure of aniline and naphthalene groups to the
solvent allows an intermolecular electron-transfer reaction with the solvent that decreases the
ANS fluorescence quantum yield [73,115,246]. Hence, from the binding curve of BSA with
ANS in the ATPS it may be inferred that the two binding sites (n1) may be present near the
Trp-212 residue whereas the other binding site (n2) might be located near to the Trp-134

residue.

Another possibility that might explain the two binding modes is the interaction of crowders
with BSA. ATPS consists of two major synthetic crowders, PEG and Dextran. Though the
critical concentration of the ATPS is 12.7 wt% PEG and 5.5 wt% Dex, the Dex-rich phase is
composed of about 30 wt% Dex and about 3 wt% PEG, whereas the PEG-rich phase consists
of about 14 wt% PEG and 2.5 wt% Dex (see section 3.4). To better understand the partitioning

of BSA and ANS in the ATPS, fluorescence microscopy experiments were carried out.
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Figure 4.5. Fluorescence microscopy pictures of FITC-labeled BSA (A) and ANS (B). The size of the scale bar
is 25 pm.

Fig. 4.5 depicts the presence of micrometer-sized droplets in the system. As has been shown in
section 3.5.3, these droplets are enriched with Dex, thus representing the Dex-rich droplets that
are dispersed in the PEG-rich phase. Using FITC labelled BSA (Fig. 4.5) and taking advantage
of the intrinsic fluorescence of ANS [155], it has been shown that both ANS and BSA partition
in the same phase i.e., in the Dex-rich droplet phase. Due to this partitioning, the Dex/protein
ratio can be considered to be high which might affect the conformationally dynamics and
stability of BSA. It has been suggested that the formation of hydrogen bonds between the
hydroxyl groups of the Dex and the tryptophan residues located on the surface of BSA might
lead to partial destabilisation of the protein and additional exposure of the hydrophobic residues
to the surface of BSA [280]. This increase in solvent exposure might lead to a decrease of the
fluorescence intensity as has been discussed above. The interaction of Dex with the binding
sites might also lead to the occlusion of sites, which might be the reason for the lowering in
binding constant. The strength of interaction between BSA and Dex depends on the orientation

of the molecules, i.e., the accessibility of the binding sites to the surrounding Dex molecules.

A further interaction that could lead to two binding modes in the ATPS is the interaction
between the more hydrophobic PEG and BSA. As has been mentioned in section 3.5.3, the
presence of 3 wt% PEG in the 30 wt% Dex-rich phase makes a difference in the physico-
chemical properties of the system, hence might be expected to alter the binding behaviour as
well. The interaction of PEG with BSA has been studied extensively [64,164]. According to
some reported results, the effect of PEG of M.W. 4.7 kDa, which is nearly similar to the one
being used in this experiment (4.6 kDa), is quite significant [64]. The effect is generally brought
in by the binding of PEG to the protein, which might lead to some PEG-induced conformational
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change of the protein. The moderate chain length of PEG 4.6 kDa provides an added advantage
for a better conformational adaptation of the PEG molecules onto the hydrophobic patches
present on the BSA surface through van der Waals interactions [8]. This soft interaction might
stimulate the occlusion of binding sites and thus, some binding sites of ANS might find it
difficult to bind to BSA in the presence of PEG, depending on the surface hydrophobicity of
the interaction site. In crowded media such as ATPS, the accessibility of the crowders and ANS
to the hydrophobic patches situated on the surface of BSA may be unique in their own way and

give rise to the different binding modes as observed here.
Effect of HHP on the binding behaviour

The effect of HHP on the binding of ANS to BSA in both buffer and the ATPS has been studied

by means of high-pressure steady-state fluorescence spectroscopy.
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Figure 4.6. Binding isotherm plots of ANS to BSA in (A) neat buffer solution and (B) ATPS in the pressure range
of 1-2000 bar. AF was calculated by fitting the raw data to Eq. 62.

In neat buffer, an increase in pressure leads to the decrease in binding constant, Ky. The value
of Ky drops from 4.2%106 M at ambient pressure to 1.2*10° M at 2000 bar. The binding

stoichiometry remains constant at n=3. The decrease in Ky indicates that the volume of the

93



complexed state is larger than the uncomplexed state which could be due to unfavourable
pressure effects on the hydrophobic interaction and/or concomitant increase in void volume
and/or changes in hydration upon binding. From the Fig. 4.6(A) and Table 2, it can be inferred
that HHP does not favour ANS binding to BSA, i.e., the binding affinity decreases with

pressure.

The same trend is followed in the ATPS, but the extent to which HHP affects the binding
affinity alters from one binding site to another. Table 3 illustrates the effect of HHP on the two
binding constants (K1 and K>). Both K1 and K> decrease with increase in HHP but the effect is
more pronounced in case of Ki. The value of K; decreases from 4.28*10° M™ at ambient
pressure to 0.402*10° M at 2000 bar. The K-value, on the other hand, decreases from
0.420*10° M* at ambient pressure to 0.0994*10°% M-* at 2000 bar. The strong decrease in K is
due to a larger AVp value, probably due to a larger void volume in the binding pocket. The n2
binding site, due to its greater exposure to the solvent, might experience a smaller pressure
effect as compared to n; due to the specific hydrophobic pockets in ni. To see if BSA has an
effect on the structure of the ATPS, turbidity measurements at HHP was carried out.
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Figure 4.7. Changes in apparent absorbance (turbidity) with pressure of the ATPS at 25 °C (red line), 30 uM BSA
dissolved in the ATPS (violet line) and 0.25 uM BSA dissolved in the ATPS (blue line). All the three systems are
phase separated at 25 °C.
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Fig. 4.7 shows that though there is a decrease in turbidity for the ATPS alone and the ATPS
with varying concentrations of BSA with increase in pressure at room temperature, the effect
is not very different. The decrease in turbidity might be due to changes in droplet size and an
increasing tendency towards macroscopic phase separation upon pressurization. The decrease
of the turbidity is more prominent in the system consisting of 30 uM BSA dissolved in ATPS
as compared to the other two. This might be due to the excluded volume effect at the high BSA
concentration which might fasten the process of complete phase separation and thus decrease

in turbidity.

To check the stability of the neat ATPS and the ATPS containing BSA under pressure, phase

contrast and fluorescence microscopy experiments were also carried out.

Figure 4.8. Phase contrast microscopy pictures of the ATPS at selected pressures. The experiments were
performed at 25 °C. The size of the scale bar is 25 pm
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Figure 4.9. Phase contrast (right panels) and fluorescence (left panels) microscopy pictures of the FITC-labeled
BSA in the ATPS (T =25 °C, p = 1 bar). The size of the scale bar is 25 pum.

Fig. 4.8 and Fig. 4.9 clearly indicate that HHP has no marked effect on the stability of the
ATPS and the ATPS with BSA at room temperature. The amount and the size of the droplets
do not seem to change significantly in the whole pressure range covered. To get more insights
into the pressure effect, a volumetric analysis of the results was carried out. According to Eq.
51, from the pressure dependence of the binding constant, the binding volume AVp can be
determined. AVy is the difference in volume the between complexed and the uncomplexed state.
Fig. 4.10 illustrates the pressure effect on AVy in both neat buffer and the ATPS.
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Figure 4.10. Schematic representation of Ki(p) of ANS binding to BSA in buffer (black line) and the two different
binding modes in the ATPS (red and blue line). The slope of the fitted lines represents -AV;, / RT.

The positive AVp value in all three cases might be due to two factors, a positive volume change
upon loss of water molecules due to binding of ANS to BSA in the binding site, which is
referred to as hydration volume, and / or a positive volume change upon formation of void
volume at the binding sites upon ANS binding. For buffer, AV, was estimated to be 14.5+1.5
mL mol™. In case of K i.e., the one with a weaker binding affinity in the ATPS, if exclusively
an electrostatic interaction would be considered, then with the increase in pressure the
dissociation of ion pairs and contraction of solvent molecules around the ion pairs
(electrostriction) would have been favoured at high pressure due to an overall volume decrease,
but even in this case a positive AVp of 18.94+4.1 mL mol™*was found. Thus, it seems that similar
to Ky and Ky, the hydrophobic interaction is a dominating factor leading to the positive AVp
value observed. Else, different void volumes and / or hydration changes dominate over the
different binding modes. The maximum positive change in AV, was observed for Ki which is
equals to 33.2+12.5 mL mol™. Since the degree to which each of these forces (electrostatic,
hydrophobic) affect the binding are not known, there is a possibility that the opposing effect of

electrostatic and hydrophobic at high pressure might be the reason for a smaller increase in AVp
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in n2 compared to that in n1, but the differences observed might as well be related to differences

in hydration and void volume of the different binding sites upon binding.

Jobs plot

The continuous variation method or Job plot is commonly employed for the determination of
the stoichiometry of complex chemical entities [78,194]. To obtain a conclusive view on the
stoichiometry of the bound complex formed between ANS and BSA, a Jobs plot was performed

both in neat buffer and ATPS at ambient pressure.
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Figure 4.11. Jobs plot in buffer (black dots) and the ATPS (red dots).

The maxima in Fig. 4.11 appear at about xans = 0.75 in both neat buffer and the ATPS
indicating the binding stoichiometry to be 3, which matches well with the fluorescence data
reported above. In case of the ATPS, a small inflection around xans = 0.5 is observed. This
additional inflection point might be related to changes in the equivalency of binding sites in
the ATPS system which is densely packed with synthetic crowders [194].

4.4 Conclusions

From the steady-state fluorescence data and Jobs plot, it is evident that the total number of
binding sites on the surface of BSA in both neat buffer and ATPS equals to 3. In neat buffer,
the microscopic binding constants could not be distinguished by the fluorescence method
employed and thus, it ends up giving an average of all 3 microscopic binding constants (Kb).

On the contrary, in the ATPS, two different binding modes were perceived due to major
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differences in the strength of interaction between BSA and ANS. The results suggested that
two (n1) of the three binding sites are present more towards the protein core with a pronounced
hydrophobic microenvironment and hence, have a stronger binding affinity. The third one (n.)
iIs more exposed to the solvent and thus binding to this site may have an additional effect of
electrostatic interaction along with the hydrophobic one. Hence, the binding affinity at this site
might be governed by the fine balance between these two forces. At HHP, the general trend is
a decrease in binding constants for both neat buffer solution and the ATPS due to positive
values for the binding volume, AV, which is different for the two binding sites, however. While
in buffer, a consistent decrease in Ky has been observed, in the ATPS the decrease in K
corresponding to ni is much more prominent than the decrease in K,. The difference in AVy
values might be due to differences in hydration and void volume upon ligand binding. These
results also demonstrate that pressure-dependent experiments are able to reveal differences in
binding sites of ligands, owing to the extreme accuracy but which volume changes can be
determined using this methodology. The AV}, values determined here are on the order of one

water molecule only.
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