
Macromolecular Crowding and

Intrinsically Disordered Proteins
by

©Yanitza Trosel

A Dissertation submitted to the School of Graduate Studies in partial fulfillment ofthe

requirements for the degree of

Doctor of Philosophy

in the

Department of Physics and Physical Oceanography

Faculty of Science

Memorial University of Newfoundland

June 2023

St. John’s, Newfoundland

yanitzatrosel@gmail.com
Department or School Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
University Web Site URL Here (include http://)


Abstract

The intracellular milieu is crowded and heterogeneous, and this can have profound con-

sequences for biomolecule motions and biochemical kinetics. Macromolecular crowding

has been traditionally studied in artificial crowders like Ficoll and dextran or globular

proteins such as bovine serum albumin. It is, however, not clear if the effects of ar-

tificial crowders on such phenomena are the same as the crowding that is experienced

in a heterogeneous biological environment. Bacterial cells, for example, are composed

of heterogeneous biomolecules with different sizes, shapes and charges. Using crowders

composed of one of three different pretreatments of bacterial cell lysate (unmanipulated,

ultracentrifuged, and anion exchanged), we examine the effects of crowding on the dif-

fusivity of a model polymer and an intrinsically disordered protein (IDP). We measure

the translational diffusivity, via diffusion NMR, of the test polymer polyethylene glycol

(PEG) and the IDP α-synuclein in these bacterial cell lysates. We show that the small

(Rg ∼ 5 nm) test polymer shows a modest decrease in self-diffusivity with increasing

crowder concentration for all lysate treatments. The corresponding self-diffusivity de-

crease in the artificial Ficoll crowder is much more pronounced. For the IDP, we show

that α-synuclein has a significant decrease in the diffusivity in the presence of lysate

crowders at low concentrations. Moreover, a comparison of the rheological response of

biological and artificial crowders shows that while the artificial crowder Ficoll exhibits

a Newtonian response even at high concentrations, the bacterial cell lysate is markedly

non-Newtonian; it behaves like a shear-thinning fluid with a yield stress. While at any

concentration the rheological properties are sensitive to both lysate pretreatment and

batch-to-batch variations, the PEG and α-synuclein diffusivity is nearly unaffected by

the type of lysate pretreatment.
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Chapter 1

Introduction

How do macromolecules behave in a real intracellular environment when compared with

a dilute solution in a test tube? To begin answering this question, let’s first focus on the

different biomolecules necessary for the function of biological cells. The biomolecules in

the intracellular milieu are composed of different proteins as well as nucleic acids such

as DNA and RNA.

Proteins are macromolecules with the most diverse function in living organisms. It

is estimated that a bacteria of 1 µm3 of volume has approximately three millions of

proteins [5]. The role of proteins ranges from DNA replication to the transport of

molecules. Traditionally, proteins have been studied in dilute solutions.

The total concentration of macromolecules (proteins and nucleic acids) within biological

cells is between 200 and 400 mg/ml [6–8], depending on the cell type and compartment.

Macromolecules make the environment crowded and heterogeneous [9–12]. Due to the

high concentration of macromolecules, around 20 and 40% of the physical cell volume

occupied is unavailable for other biomolecules [10–15].

The biological effects arising from the high concentration of intracellular and/or extra-

cellular macromolecules that are not functionally related are known as macromolecular

crowding [7, 16]. Microscopically, the causes of macromolecular crowding effects are

‘hard’ nonspecific interactions, also known as excluded volume effects, and ‘soft’ non-

specific interactions, e.g. electrostatic and hydrophobic interactions [17, 18]. Of course,

in real living systems, the crowders could also be substrate molecules that are involved
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in enzymatic reactions, so we are considering the simplest cases. Most efforts in under-

standing macromolecular crowding have considered excluded volume effects, however,

such effects are not the whole picture in the crowding world. More recently, Minton,

Rivas [19] and Pielak [9, 18] have pointed out the role of soft nonspecific interactions in

macromolecular crowding. Since such interactions can be either attractive or repulsive,

they either stabilize or destabilize a molecule in crowding. Macroscopically, the total

concentration of macromolecules in the intracellular milieu makes the solution more

viscous as the concentration increases [20, 21].

Two important parameters affected by crowding are protein size (protein folding) and

diffusion. Conversely, most protein diffusion experiments are performed in dilute buffer.

Diffusion is one of the principal mechanisms of displacement of proteins within the cell;

two examples are enzymes finding substrates, and signalling proteins finding each other.

It is important to understand how protein diffusion is impacted by the interactions

within the intracellular milieu [22, 23]. A fundamental question that we chose to ad-

dress is how a realistic crowding environment – characterized by macromolecules with

and without charge as well as naturally occurring polydispersity in size – affects test

molecule diffusivity [16, 20, 24]. We separated the main question into three research

questions: how do biological and artificial crowders compare macroscopically? how do

biological crowders like cell lysate affect the translational diffusion of a test molecule,

e.g., polyethylene glycol polymer? how do biological crowders like cell lysate affect the

translational diffusion of a test molecule, e.g., α-synuclein IDP?.

The diffusion of a test molecule in the presence of crowders has been studied using a

bottom-up approach with several artificial crowding agents, such as polyvinylpyrrolidone

(PVP) [17, 25], PEG [26], and charged and uncharged versions of the polysaccharides

Ficoll [4, 27], and dextran [20, 28, 29]. Other recent studies have used a top-down ap-

proach with biological crowder agents such as the globular protein lysozyme [20, 30],

the serpin-like protein ovalbumin [20], E. coli lysate [20], mammalian cell cytoplasm

[31], the negatively charged protein serum albumin [21, 32], and ribonuclease A [32]. A

study by Wang et al [20] explored the effects of artificial synthetic polymer crowders,

biological protein crowders, and lysate on the NMR-measured rotational and transla-

tional diffusion of the protein Chymotrypsin Inhibitor-2 (CI2); their study suggests that

artificial crowders such as PVP and Ficoll might not be suitable to mimic cellular envi-

ronments, possibly as a consequence of soft nonspecific interactions in realistic cellular
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environments.

Most crowding studies have been done with proteins as the probe molecules. In this

thesis, we aim to bridge model systems with real biological cells. In order to increase

complexity in a controlled way, we report the diffusion NMR measurements of a probe

molecule PEG, and the intrinsically disordered protein α-synuclein (αS), in the presence

of biological crowders. PEG is a flexible and uncharged but polar polymer. PEG is

also used to precipitate proteins and has been found to phase separate in solution[33].

According to diffusion NMR experiments performed by Palit et al [4], the PEG overlap

concentration c∗ is of order ∼ 10 mg/ml; other measurements put c∗ higher. The overlap

concentration in a polymer indicates (roughly) the point of crossover between the dilute

and semidilute regime. Our diffusion NMR experiments in PEG were performed in

the semi-dilute regime. We compared the results with artificial polysaccharide crowder

(Ficoll). The overlap concentration c∗ for Ficoll70 is reported to be ∼ 250 mg/ml by

Acosta et al [34].

To understand the role of crowder composition, we used bacterial cell lysate, i.e. sheared

open E. coli bacteria. We employ a top-down approach and use three different treat-

ments of inhomogeneous E. coli cell lysate. The main components of E. coli lysate

are the remnants of the inner and outer membrane, peptidoglycan, ribosomes, proteins,

metabolites, inorganic ions, DNA, and RNA [35]. Diffusion of fluorescent proteins in the

cytoplasm of the gram positive Lactococcus lactis bacteria and the Haloferax volcanii

archaeon have been previously studied by Schavemaker and coworkers [36]. In their re-

search, they found that the diffusivity of the protein in each cytoplasm depends greatly

on the net charge of the protein surface. Since we are using initially uncharged PEG as

the probe molecule, we performed our experiments only in E. coli cell lysate.

In addition, we tested the rheological properties of both biological lysate crowders and

Ficoll to compare their flow behaviours. We wish to correlate the rheology of lysed E.

coli bacteria, used as crowders, with the diffusivity of probe polymer. The question

we sought to answer is how complex crowders like cell lysate with many macromolec-

ular components (either unmanipulated or manipulated by ultracentrifuge and anion

exchange) affect both the rheology of the environment and the translational diffusion of

two types of probe molecules, PEG or αS. As a remark, the rheological results presented
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in this thesis are the first in the literature where the role of the non-Newtonian char-

acter of the crowding environment is examined, which is an important consideration in

understanding the crowded environment present in real cells. Experiments on the diffu-

sivity of macromolecules in biological crowded environments might help to understand

the processes in biological cells. They could also enable us, in the future, to design new

and more realistic environments for in vitro testing of drug molecules.

This thesis is divided into eight chapters. In chapter 2, we reviewed the theories of dif-

fusion, polymers, macromolecular crowding, and intrinsically disordered proteins. Ad-

ditionally, we discuss the viscous and elastic response of complex materials. Chapter 3

addresses the experimental techniques used in this thesis. The materials and methods

used in the thesis are explained in chapter 4.

Chapter 5 is a rheological characterization of the lysate crowders. In chapter 6, we

present the diffusivity of PEG, as the probe molecule, in different lysate crowders. Chap-

ters 5 and 6 results were accepted for publication in Biomacromolecules. Chapter 7 shows

the diffusivity of the intrinsically disordered protein αS, as the probe molecule, in dif-

ferent lysate crowders. Finally, the conclusions and future directions are presented in

chapter 8.



Chapter 2

Background and Theory

2.1 Diffusion

Microscopic molecules, ions, and organelles move in biological cells as a vital mechanism

of transport in cells. This phenomenon is known as diffusion [12]. Diffusion is the

random motion of molecules in a solution due to internal thermal energy, also known

as Brownian motion. Brownian motion was first observed in 1827 by botanist Robert

Brown while observing in a microscope the jostling of fragment of pollen grain in water

[37, 38]. It was not until 1905 that Albert Einstein proposed in his paper Investigation on

the theory of the Brownian movement that the fragments of pollen grain were big enough

to be visible under a microscope but small enough to be affected by the thermal motion

of water molecules [39]. Brownian motion is observed in molecules in the nanometer-

to- micrometer size range, which is exactly the range of length scales for molecules in

cells. In 1926, Jean Perrin won the Nobel prize in physics for his experimental studies

on the structure of matter, which proved Einstein’s theory of Brownian motion.

Diffusion is the result of a net force experienced by the particle due to the imbalance of

collisions by the molecules of the solution, which causes the random or Brownian motion

of the macromolecules. The rate of diffusion is described by the diffusivity or diffusion

coefficient, which has units of area per time or in SI unit system m2s−1 [40].

Before Einstein’s contribution, one of the first mathematical models to describe the

diffusion process was presented in 1855 by Adolf Fick. Fick established the movement of

particles from higher concentration to lower concentration, as shown in figure 2.1 [41].

5
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Figure 2.1: Representation of the diffusion flux J and the gradient concentration ∇Φ.

In Fick’s first law, the diffusion flux J is proportional to the gradient of the concentration

of particles Φ, or

J = −D∇Φ(r, t), (2.1)

where D is the diffusivity or diffusion coefficient. Moreover, Fick relates the rate of

change of concentration to the divergence of the flux

δΦ

δt
= −∇ · J, (2.2)

leading to

δΦ

δt
= D∇2Φ. (2.3)

Equations 2.1 and 2.3 are also known as Fick’s first and second law respectively. Fick’s

laws describe particles’ movement in solution from higher to lower concentration, also

known as mutual diffusion [40].

Although Fick’s equations describe the diffusion process, it does not explain the move-

ment of individual diffusing particles. At the beginning of 1900, Albert Einstein (1905)

[39], Marian Smoluchowski (1906) [42], and Paul Langevin (1908) [43] were able to in-

dependently relate the diffusion coefficient with the trajectory of the particles. They
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found a relationship between the mean square displacement < |∆r(t)|2 > as a physical

quantity to describe the displacement of a particle related to time t [44], or

〈|∆r(t)|2〉 = 2nD∆t (2.4)

n is the dimension number, and ∆t is the time travelled by the particle. Smoluchowski

also calculated the mean square displacement, but his calculation was off by a factor of√
27/64 = 0.65 [42].

Einstein’s contribution to the understanding of Brownian motion is important because

it links a macroscopic measurement like diffusion with the thermal energy of molecules,

where no macroscopic concentration is needed in the calculation. Einstein based his

derivation on the osmotic pressure of suspended particles in a semipermeable membrane.

He found that the diffusion coefficient D is inversely proportional to the Stokes drag

(6πηrh) of a spherical particle [45], or

D =
kBT

6πηrh
. (2.5)

where kB = 1.38 × 10−23 m2kgs−2K−1 is the Boltzmann constant, T is the tempera-

ture, η is the surrounding solution viscosity and rh is the hydrodynamic radius of the

particle. Equation 2.5 is also known as the Stokes-Einstein equation, although William

Sutherland arrived at the same result in 1904. The Einstein diffusion derivation refers

to a translational self-diffusion coefficient. Equation 2.5 is only valid in dilute systems.

2.2 Polymers

Some of the components in biological cells are made up of long chains, which can be

classified as organic polymers. Polymers are long chains built up of many repeat molec-

ular units linked by covalent bonds, also known as macromolecules [46]. Polymers can

be natural or synthetic. Some examples of natural polymers are DNA, proteins, or

polysaccharides like starch. Examples of synthetic polymers are the plastics polystyrene

and polyethylene.
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Polymers chains may be linear or branched [47]. Linear polymers can be characterized

by the degree of polymerization N , which is the number of repeated units. N is propor-

tional to the relative molecular mass of the chain M . Examples of linear polymers are

polyethylene, polystyrene, and most proteins [46].

Branched polymers have secondary chains attached to the primary chain. An example

of a branched polymer is the synthetic hydrophilic polysaccharide, Ficoll, which is used

in this thesis.

The heterogeneity of a polymer can be measured by its polydispersity index (PDI). The

polydispersity index measures how broad the molecular weight distribution is, and is

defined as

PDI =
M̄W

M̄n
, (2.6)

where M̄W is the weighted average of the molecular weight, and M̄n is the number-

averaged molecular weight. PDI is equal to 1 for monodisperse polymers, which means

the chains have the same length [48]. Solutions of polymers in liquids are usually viscous

and sometimes show viscoelastic properties; this will be discussed in section 2.5.

PEG is one of the most simple synthetic linear polymers, with chemical structure

H−(O−CH2−CH2)N−OH. PEG is water soluble, and it is highly used in the medi-

cal and industrial fields. In this work, we used PEG at a molecular weight 22,000 g/mol

and PDI=1.10.

2.3 Macromolecular Crowding

Macromolecular crowding is the biological effect caused by the high intracellular and/or

extracellular concentrations of different functionally unrelated biomolecules rather than a

high concentration of a single macromolecular species [7, 9, 16]. A schematic illustration

in figure 2.2 shows a representation of the intracellular environment in the Escherichia

coli (E. coli) bacteria.

Traditionally, experiments on macromolecular crowding have used artificial crowders like

PVP [17, 25], uncharged PEG [26], the polysaccharides charged and uncharged Ficoll
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Figure 2.2: E. coli bacteria. Artistic illustration representing the volume occupied
by macromolecules inside the bacterium E. coli. Illustration by David S. Goodsell [2].

[4, 27], and dextran as the crowders [20, 28, 29]. This approach is known as ‘bottom-

up’ , where the idea is to understand simple models and gradually increase the level

of complexity [49]. In contrast, experiments can be explored breaking down the whole

complexity of the system within the intact cell, this approach is known as ‘top-down’.

Some studies used a top-down approach to understand macromolecular crowding with

biological crowders such as globular protein lysozyme [20, 30], the serpin-like protein

ovalbumin [20], E. coli lysate [20], mammalian cell cytoplasm [31], the negatively charged

protein serum albumin [21, 32], and ribonuclease A [32].

The physiological consequences of macromolecular crowding on proteins can be separated

into two major effects; changes in the hydrodynamic radius and changes in the associated

state. The changes in the hydrodynamic radius are observed in the chemical equilibria

such as conformational behavior and stability, protein structure, protein folding, protein

shape, binding of small molecules, enzymatic activity and compaction. The changes

in the associated state are related to phase separation, aggregation, protein-protein

interaction, protein-nucleoid acid interaction and oligomeric proteins [8, 22, 50, 51].

The causes of macromolecular crowding effects are “soft” nonspecific interactions, such as

electrostatic and hydrophobic interactions, and “hard” nonspecific interactions, known

as excluded volume (steric repulsion) [7, 11, 16, 52–57]. Nonspecific interactions depend

upon the overall properties of macromolecules, such as the polarity of surface residues,
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Figure 2.3: Representation of spherical macromolecules in a solution. (Left)
The closest the center of mass of two idealistic spherical macromolecules can touch
is the total sum of their radii. (Right) The area in purple represents the excluded
volume for other centers of mass of other macromolecules, meanwhile, the green area

is accessible for other macromolecules of the same size or smaller.

net charge, dipole or multiple moments and the shape of macromolecules. Nonspecific

interactions can be repulsive (steric, electrostatic), or attractive (electrostatic, hydropho-

bic, depletion) [18, 58].

The excluded volume effects arise from the fact that macromolecules have a physical

space occupied that is not accessible for other macromolecules [51]. As a result of steric

repulsion, two macromolecules cannot overlap. To understand a simplified example of

excluded volume, several spherical macromolecules of the same radius are in a solution

(figure 2.3 left). The position of the macromolecules is defined by its center of mass. The

closest two centers of mass can get together is the total sum of the two macromolecular

radii. Thus, around each macromolecule is an excluded volume for the other center of

mass (figure 2.3 right) [14, 16, 54, 58–60].

The presence of excluded volume in the crowded milieu decreases the randomness in

the distribution of the crowder macromolecules and the probe molecules, which means

that the entropy of the system decrease in comparison with an ideal solution where the

crowder molecules occupy no volume [22].

In seeming opposition to steric repulsion, there is an effect known as the depletion

attraction. The depletion attraction is also entropic in origin, and occurs when several

small molecules and a few bigger macromolecules are in solution. The small molecules
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Figure 2.4: Representation of depletion attraction with small crowder
molecules and bigger probe macromolecules in a solution. (Left) The smallest
molecules are constantly bombarding the big macromolecules, represented by arrows.
(Right) When two big macromolecules get close, the small molecules exert an unop-
posed force on the opposite side of the big macromolecules, causing an attraction with

an overlap volume.

are constantly bombarding the big macromolecules due to Brownian motion (figure 2.4

left). When two big macromolecules get close, the small molecules exert an unopposed

force on the opposite side of the big macromolecules (figure 2.4 right). The exerted force

derives from the osmotic pressure of the small molecules. In terms of thermodynamics,

the solution has more accessible space for the smaller molecules, which means the entropy

of the global system is maximized and the excluded volume is minimized [61, 62].

The presence of crowder macromolecules not only causes a change in the microscopic

interaction between molecules, it also affects the viscosity of the solution on the macro-

scopic level. With the increase of the concentration of the total macromolecules in the

intracellular milieu, there is an increase in the macroscopic viscosity of the solution

[20, 21]. An increase in the concentration within the intracellular milieu should pro-

foundly affect the probe protein environment [22, 23]. In dilute solutions, the viscosity

is related to the diffusivity of macromolecules due to Brownian motion by the Stokes-

Einstein equation (equation 2.5). In crowded solutions, the Stokes-Einstein equation

is technically not valid. Moreover, there can be conformational changes that alter the

probe protein’s hydrodynamic radius.
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One important parameter affected by crowding is protein diffusion. Conversely, most

protein diffusion experiments are performed in dilute buffer. Diffusion is one of the

principal mechanisms of displacement of proteins within the cell; two examples are

enzymes finding substrates, and signalling proteins finding each other. It is important to

understand how protein diffusion is impacted by the interactions within the intracellular

milieu [22, 23]. Li and Pielak used diffusion NMR to study Chymotrypsin Inhibitor 2

(CI2, 7.4 kDa) and differentiate the effects of soft nonspecific interactions from the

increased viscosity of the bovine serum albumin (BSA) crowder [21]. Sarkar et al [63]

studied CI2 stability in total protein lysate and anion protein crowders. They found

that anion protein crowder destabilizes CI2 in a manner similar to that of total protein

lysate, despite differences in the crowders’ net charges. However, crowder composition

does matter as the same probe molecules were slowed down substantially more in E.

coli cytoplasm (11-fold slower) compared to eukaryotic cytoplasm (3-fold slower) [7],

although the eukaryotic cytoplasm is more dilute than the E. coli cytoplasm [13]. The

nature of the probe molecule also makes a difference. For example in dilute solution,

CI2, a globular protein, diffuses faster than the intrinsically disordered protein alpha-

synuclein. However, under crowded conditions α-synuclein diffuses faster than CI2 [64].

What causes these differences is unknown [7], but could be related to differences in

diffusivity in crowded environments between compact and chain-like probe molecules [4].

Macromolecular crowding typically results in a reduction in the diffusivity of a test probe

macromolecule in the intracellular milieu, compared to its diffusion in dilute solution

[20, 26, 54, 65–69]. Palit and coworkers (2017) explored the effect of artificial charged

and uncharged Ficoll crowders on PEG as the test probe polymer, showing that the

crowder charge has a small effect on the diffusivity of the uncharged PEG, reflecting

the possible importance of ‘soft’ interactions [4, 70]. Although artificial and biological

crowders have been examined for their effects on the diffusion of macromolecules such

as proteins, there is still much to investigate about the role of biological crowders, such

as how a realistic crowding environment – characterized by macromolecules with and

without charge as well as naturally occurring polydispersity in size – affects test molecule

diffusivity [16, 20, 24].
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2.4 Intrinsically Disordered Proteins

Cells contain thousands of different protein machines in charge of structure, transport,

receiving and sending signals, movement, antibodies and catalysis of biochemical reac-

tions. Proteins are polymers formed by a sequence of amino acids that make up the

polypeptide chains.

The function of a protein is determined by its amino acid sequence [12, 35]. Typically,

proteins have a well-defined three dimensional structure, which is known as an ordered

protein: examples are globular proteins. In E. coli bacteria, there are around 3,000

different proteins [35]. Some of those protein’s specific function depends on its 3D

structure, which is described in four different levels, primary, seconday, tertiary, and

quaternary structures.

The primary structure is the amino acid sequence held together by the peptide bonds.

The secondary structure is the local structure of the amino acid sequences and is most

commonly α-helix and β-sheets stabilized mainly by hydrogen bonds. The tertiary

structure is the three-dimensional form resulting from how the secondary structures of

the protein pack together to form the overall 3D structure. The tertiary structure is

determined by the interactions of the amino acid sidechains. The proteins fold maxi-

mizing water entropy by hiding the hydrophobic amino acids inside. Depending on the

amino acids involved there can be hydrophobic, and van der Waals interactions, as well

as disulfide bonds, ionic bonds, and hydrogen bonds. Quaternary structure is present

only in proteins with multiple polypeptide chains and describes how the chains come

together. Changing conditions, such as temperature or pH, can cause the protein to

unfold, i.e. denature it, and disrupt its function [35].

However not all proteins are organized hierarchically into four different levels of ordered,

approximately between 35 and 51% of proteins in eukaryotes are disordered. Meanwhile,

in bacteria, the estimate for the fraction of disordered proteins is between 6 and 33%

[64, 71]. Disorder in a protein means the absence of a well-defined folded structure. Such

proteins are known as Intrinsically Disordered Proteins (IDPs) and disordered regions in

a protein are known as intrinsically disordered regions (IDRs). Intrinsically disordered

proteins lack entirely (IDPs) or partially (IDRs) of a tertiary structure. A feature of

IDPs is their low hydrophobicity and high net charge [35, 72, 73], in opposite to a more
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structured protein with typically higher hydrophobicity and lower net charge. This

feature is a result of the primary sequence of the IDPs, with the influence of charged

amino acid residues such as lysine (Lys), arginine (Arg), and glutamic acid (Glu) [35].

The forces that define a protein’s structure are finely balanced and not all proteins have

a well defined tertiary structure. IDPs lack a stable three-dimensional structure, making

them flexible [74–78]. Their flexibility often allows them to bind multiple partners and

thus act like a network hub that synthesize functions, such as recognition, signaling, and

regulation [72, 76, 79].

An example of an IDP is α-synuclein (αS), one of the most explored IDPs found in the

human brain, known for its role in Parkinson’s disease and others neurodegenerative

disorders [80]. An exploration of IDPs in the presence of more realistic crowders can

help to understand more about their behavior and develop efficient treatments. The

importance of IDPs relates to their dynamic ability to bind with different partners and

ligands, such as nucleic acids. A failure in an intrinsically disordered protein is more

likely to be lethal than for an ordered protein [81, 82].

What does disorder in a protein mean? An ordered protein has a well-defined folding

conformation; an example is a globular protein. A disordered protein has no folding

conformation on its own. However, IDPs can reach a globular-like form upon binding

[83, 84]. In the “protein trinity”model, proteins can exist in one of three states: ordered,

collapsed-disordered, or extended disordered [81, 85].

Experimentally, an IDP’s structure is mostly characterized by techniques such as nu-

clear magnetic resonance (NMR) spectroscopy, and circular dichroism (CD) spectroscopy

[85, 86]. Hydrodynamic radius can be explored using dynamic light scattering (DLS).

Meanwhile, gyromagnetic radius can be measured by scattering techniques such as small-

angle x-ray scattery (SAXS) [87] and small-angle neutron scattering (SANS) [77].

Experimental characterization of the structural characteristics of IDPs are important

to understand misfolding related diseases. An abnormal aggregation of misfolded and

insoluble proteins inside nerve cells gives rise to some neurodegenerative disease; such is

the case of Lewy body dementia, commonly known as Parkinson’s disease. The major

component of the Lewy body is the protein αS [80, 88]. αS is an IDP of 140 amino

acids and 14 kDa of size (figure 2.5), mostly abundant in the human brain [89]. αS’s
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residues have three regions; the residues 1 to 60 have a net positive charge N-terminus,

residues 61 to 95 show non-amyloid component hydrophobicity, and from 96 to 140 have

a highly net negative charge C-terminus [80, 90]. Interestingly, unlike other common

IDPs, αS does not exhibit low hydrophobicity and high net charge [91]. Nevertheless,

analysis using CD spectroscopy of α-synuclein shows its lack of a well defined secondary

structure [90, 92]. The functions associated with αS disordered regions include targeting,

and molecular recognition.

Figure 2.5: Amino acid sequence. αS amino acid sequence [3].

A small change in the IDP binding partner interaction can cause a big impact in the

cell function. On the other hand, the crowded nature of cells can affect the protein’s

structural preference and protein- protein binding. Moreover, it could affect the IDP

function.

What is the nature of the conformation and the structure of IDPs within the crowded

cell environment? The answer is under study, but some exploration of IDPs in the

presence of artificial crowders suggests that they still have some level of disorder [93].

Furthermore, a diffusion 19F-NMR experiment for a globular protein (CI2) and an IDP

(αS) in the presence of artificial and protein crowders suggest that globular proteins

diffuse faster in dilute solution compared to the IDP, but, in the presence of crowders

the IDP diffuses faster than the globular protein [64].

Other studies using fluorescence correlation spectroscopy (FCS) show that the transla-

tional diffusion coefficient of rhodamine green, dextran, DNA, and albumin is reduced in

the presence of Ficoll as the crowder [94]. Increasing research on macromolecular crowd-

ing suggests that the nature of the crowders, such as size, charge and their composition

might affect the diffusing macromolecules [18, 95, 96].
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Figure 2.6: Two-plates model. Two-plates model to calculate the shear stress and
shear rate of viscous material.

2.5 Rheology: viscoelastic behaviour

Soft condensed materials such as soup, glue, or pastes cannot be considered as either

solids or liquids. The way to classify these materials is by studying their macroscopic

shear stress response when a shear rate or velocity gradient is applied [47]. To understand

the meaning of shear stress and shear rate, we consider a two-plate model (figure 2.6).

This model consists of two plates separated at a distance h with fluid in between them.

The upper and lower plates have an area of A. The upper plate is in motion due to a

shear force F , with a velocity v. Meanwhile, the lower plate is stationary, with a velocity

of v = 0. We assume that the fluid is in good contact between the plate, there is no

glide, and the flow is laminar (flow by layers) [97].

The shear stress (σ) is defined by the force F applied to the upper plate divided by its

area A, with units of pressure Pa. Shear stress is tangential to the surface,

σ =
F

A
. (2.7)

Meanwhile, the shear rate (γ̇) is defined by the velocity v divided by the distance h

between the plates, with units of γ̇ is 1/s, known as reciprocal seconds. Shear rate is a

measure of the rate at which the fluid layers move in reference to each other,

γ̇ =
v

h
. (2.8)

In a rheology experiment, depending on the response of shear stress and shear rate, we

can classify the material according to its flow. In a Newtonian fluid, the shear stress is
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Figure 2.7: Shear stress and apparent viscosity. Shear stress and apparent
viscosity as a function of shear rate for a Newtonian fluid (left), a shear-thinning fluid

(middle), and a shear-thickening fluid (right).

proportional to the shear rate (figure 2.7 a), and the constant of proportionality is the

viscosity η,

σ = ηγ̇. (2.9)

However, viscoelastic materials have a different response compared to Newtonian fluids.

Viscoelastic materials have viscous and elastic behaviors. Some typical flow response for

viscoelastic materials are shear-thinning and shear-thickening (figure 2.7 (b) and (c)).

The ratio of shear stress σ to shear rate γ̇ is known as the apparent viscosity. In a

Newtonian fluid, the apparent viscosity is constant, and equals the true fluid viscosity.

In a non-Newtonian fluid, the apparent viscosity is a function of the shear rate γ̇ (bottom

panels of figure 2.7 (b) and (c))

Shear-thinning flow behavior refers to material where the apparent viscosity decreases

with shear rate. Some examples are polymer solutions, shampoos, and glues. In poly-

mer solutions, the shear-thinning behavior depends on the concentration of the polymer.

If the concentration is smaller than the critical concentration (c < ccrit) the polymer

solution behaves as an ideal-viscous fluid. If the concentration is greater than the crit-

ical concentration (c > ccrit) the polymer solution behaves as a shear-thinning fluid.
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This response is because the polymer macromolecules at rest are organized in a low

energy configuration, where the macromolecules are entangled with neighboring macro-

molecules. When shear is applied, the entangled macromolecules start to open with their

length in the direction of the applied shear. As a consequence, as the flow resistance

decreases, so the viscosity decreases (figure 2.7 b).

The degree of chain entanglement depends on the concentration of the polymer and the

shear load. The apparent viscosity is a function of the shear rate (η = η(γ̇)). When the

shear rate is increased, the number of macromolecules with entanglements decreases:

therefore, the viscosity decreases.

In a shear-thickening flow behavior, the apparent viscosity increases with the shear

rate. When the applied shear rate increases, the flow resistance increases, so the appar-

ent viscosity increases (figure 2.7 c). Some examples of material with shear-thickening

responses are ceramic suspensions, starch dispersions, and dispersions with a high con-

centration of solid or gel-like particles. One of the reasons for shear-thickening behavior

is a hydrodynamic flow instability [97], which is related to turbulence in the fluid.

In flow processes, the complex shear modulus (G∗ = G′ + ıG′′) parameter can quantify

the viscous and elastic contribution of the material. G′ represents the elastic behaviour,

while G′′ represents the viscous behavior. The complex shear modulus G∗ is related to

the shear stress and shear rate by the equation

G∗ =
σ(t)

γ̇(t)
. (2.10)

The storage, or elastic, modulus (G′) measures the deformation energy stored by the

material when a shear is applied. After the load process is removed, the energy stored

is used up in the reformation process. The loss modulus (G′′) measure the deformation

energy used up by the material when a shear is applied. The energy is lost for the sample

after the load process is removed [97].

The ratio of the storage and loss modulus of a viscoelastic material is known as the

damping factor (or loss factor) tan δ. The damping factor is calculated using the equation

tan δ =
G′′

G′
. (2.11)
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Biological cells are composed of several different sized macromolecules in a solution.

When the membrane is sheared open, all the macromolecules are contained in the fluids

of the cell. This process is called lysis of the cell. The resulting sheared open cells

are called cell lysate. The methods to lysis are chemical (detergents), acoustic (soni-

cators), and mechanical (the French press). We used the French press, standard tool

to disrupt cells, to lyse our bacteria because it is the least disruptive technique for the

macromolecules in the cell.

A study of E. coli cell lysate treated with an alkali detergent shows shear-thickening

flow behavior at a low shear stress [98]. Meanwhile, for an alkaline E. coli lysate treated

for plasmid DNA recovery shows a non-Newtonian response at a low shear rate, but a

Newtonian flow at a higher shear rate [99]. Furthermore, non-Newtonian behavior has

also been observed in other biological environments, such is the case of salmon ovarian

fluid. Salmon ovarian fluid was found to have shear-thinning flow, which facilitates the

selection of the faster sperm [100].

We tested the rheological properties of both biological crowders and Ficoll to under-

stand if both flow behaviour are comparable and if it is valid to use artificial crowder

to mimic cellular environment. Previous rheological studies of intact bacterial E. coli in

suspensions indicated a non-Newtonian shear thinning flow behaviour [101, 102], both in

motile and non-motile intact E. coli. In spite this indication, no previous macromolecular

crowding studies in the last years have examined the role of the non-Newtonian char-

acter of the environment, even though the Stokes-Einstein equation uses a Newtonian

assumption.



Chapter 3

Experimental Techniques

3.1 Nuclear Magnetic Resonance

In 1952, Felix Bloch and Edward Mills Purcell were awarded the Nobel prize in physics

“for their development of new methods for nuclear magnetic precision measurements

and discoveries in connection therewith” [103], a technique that is known nowadays as

Nuclear Magnetic Resonance (NMR). NMR is a spectroscopy technique highly used in

the fields of medicine, physics, biology, and chemistry. NMR spectroscopy shows the

intensity of absorption or emission of energy as a function of frequency, represented

as a spectrum. Magnetic resonance results from the interaction between the magnetic

moment of the atomic nuclei and an external magnetic field.

The popularity of NMR lies in its ability to provide identification of molecules, sample

structure, dynamic in liquids, and others atomic resolution information without being

invasive to the sample [104]. There are different approaches to NMR spectroscopy,

such as liquid-state and solid-state NMR, both technique can be used for protein NMR.

Each approach provides advantages, like information on J-coupling interactions and

protein structure. Nevertheless, as does every experimental technique, NMR has some

disadvantages. Some of the disadvantages of NMR are that the size of the macromolecule

cannot exceed approximately 35 kDa, in high resolution NMR [105], a strong magnetic

field is needed to get a large spectrum signal especially in protein studies [104], and

in my personal opinion the instrument is economically inaccessible to many scientists

20
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Figure 3.1: Basic description of NMR spectrum using energy levels. The
difference between two energy levels results in absorption line (right side) at a frequency

v.

living in developing countries, because of the need for cryogenics for a superconducting

magnet.

To understand a simple NMR spectrum, let’s consider the transition between two energy

levels of an atomic nucleus in the presence of an external magnetic field B [106]. The

difference between two energy levels, with energies Eupper and Elower, is

∆E = Eupper − Elower (3.1)

A molecule can absorb a photon if its energy is equal to the difference between two

energy levels, or moreover

hv = ∆E = Eupper − Elower (3.2)

where h = 6.626 × 10−34J · s is the Planck constant. A NMR spectrum contains lines

where the frequencies depend on the separation between energy levels, as shown in Figure

3.1. For an isolated spin-half nucleus, the energy difference between two levels are

Em = −m~γB0, with m = +
1

2
or − 1

2
(3.3)

where m is the quantum number associated with the spin, ~ = h/2π is the reduced

Planck constant in J · s/rad, γ is the gyromagnetic ratio in rad s−1T−1, and B0 is the

magnetic field strength in Tesla (T ).
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Table 3.1: Gyromagnetic ratio γ values for common isotope used in protein NMR.

Nucleus γ (106 rad s−1T−1)
1H 267.522
13C 67.283
15N -27.116

In NMR, the value of the gyromagnetic ratio γ depends on the nucleus under study. γ

values for nuclei commonly used in protein NMR, the isotopes of hydrogen (1H), nitrogen

(15N), and carbon (13C) are listed in table 3.1. The sign of γ is an indication of the

sense of nuclear spin precession.

The role of γ in NMR is its relationship with the Larmor frequency, ω0. The Larmor

frequency is the product of γ and the magnetic field strength

ω0 = −γB0 in rad s−1 (3.4)

or

ν0 = −γB0

2π
in Hz. (3.5)

From equations 3.3 and 3.1, the transition between two states with a spin value for the

lower level m = +1/2, and for the upper energy level equal to −1/2, and with a positive

γ is

∆E =
1

2
~γB0 −

(
−1

2
~γB0

)
= ~γB0

= hγ
B0

2π
(3.6)

Comparing equations 3.5 and 3.6, the transition between two energy levels is

∆E = −hν0 (3.7)
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As mentioned at the beginning of the chapter, NMR spectra are reported as signal

intensity versus a frequency. Since the frequency values are typically in the range of 10

and 800 MHz (radiofrequency wavelength: 30-40 m), there is a practice in the NMR

community to present the NMR spectrum intensities as a function of a chemical shift (δ)

scale, referred in ‘parts per million’ (ppm) [106]. Doing so makes the frequency axis of

the spectra independent of the external magnetic field strength B0, allowing the spectra

from different NMR instrument magnets to be compared easily. The conversion for the

chemical shift (δ) is

δ(ppm) = 106 ×
ν − νref
νref

(3.8)

where ν is the frequency of the spectrum line, and νref is the frequency for the com-

pound of reference. Traditionally, the compound of reference for 1H, 13C, and 15N is

tetramethylsilane (TMS), Si(CH3)4.

TMS is traditionally used as the reference compound in 1H NMR because has only one

hydrogen environment meaning its peak is far away from other peaks. The nucleus is

highly shielded by silicon atoms. Biological samples do not usually have silicon, and TMS

is soluble in most organic solvents. However, TMS has low solubility in water. Therefore

for aqueous samples, like those in protein NMR, sodium trimethylsilylpropanesulfonate

(DSS) is used due to its higher water solubility.

3.1.1 Basic NMR experiment and pulse sequence

To understand the basic NMR experiment let’s consider the vector model. The vector

model establishes the key ideas to understand uncoupled spin experiments without using

quantum mechanics [106].

Each nucleus has a nuclear spin magnetic moment, which means the nucleus behaves as

a bar magnet that generates a small magnetic field. The small magnetic fields that each

nucleus generates are cancelled out by one another in the absence of an external field;

as a consequence, there is no net magnetization as shown in Figure 3.2 (a).

When an external magnetic field is applied to the sample (e.g., along the z axis), there

is an energetic preference for the individual magnetic moments to be aligned with the
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Figure 3.2: Illustration of the nuclei. (a) Representation of the individual mag-
netic moments. (b) Individual magnetic moments aligned with the external field.

external magnetic field. The total sum of the individual magnetic moments is known as

the bulk magnetization of the sample. Represented by a magnetization vector (shown

exaggeratedly in Figure 3.2 (b)). The net magnetization reaches its equilibrium value

along the z axis after several seconds after the external magnetization is applied [106].

What is detected in a NMR experiment is the precession of the magnetization vector

after applying a pulse that tips the net magnetization off the z axis. This is done by

applying a radiofrequency field using a coil around the sample, aligned in the xy plane.

The precession of the magnetization vector, also known as Larmor precession, induces

a current in the coil that is amplified and recorded using the same coil. The resulting

recorded signal is known as free induction signal or free induction decay (FID).

Two magnetic fields are involved in a NMR experiment. The first field is the external

magnetic field B0, which aligns with the magnetization vector with the z axis. The

second magnetic field B1 is generated by applying an amplified radiofrequency signal by

the x axis coil, same coil as the radiofrequency field and free induction signal detection.

The second magnetic field will position the magnetization vector in the xy plane. From

a stationary laboratory frame of reference, the magnetization motion is a blur, since the

vector is precessing and rotating in the xy plane.

It is useful to consider the behaviour of the bulk magnetization, not in the laboratory

frame, but in a frame rotating at the resonance frequency. An analogy to understand the

importance of a rotation frame is illustrated in Figure 3.3. In Figure 3.3 (a), a hobbit is

trying to read the ring of power inscription from The Lord of the Rings, while Gandalf

is spinning it over its center on a plane. From the laboratory frame, the inscription



Experimental Techniques 25

Figure 3.3: Analogy for rotation frame. (a) The observer (Hobbit) is looking at
the rotating ring from the laboratory frame, therefore the ring inscription is a blur. (b)
The observer ‘jumps’ into the rotation frame, and since the ring is rotating at the same

speed the ring inscription is easy to read.

is a blur. However, if the hobbit ‘jumps’ onto the ring’s rotating reference frame, the

inscription now appears stationary and is therefore easy to read (Figure 3.3 (b)).

In the rotational frame, the effect of B0 disappears. The frame rotates at the Larmor

frequency, which means the magnetization appears to be stationary (apparent ω0 = 0).

In reality, the vector is still precessing, so it is necessary transform the apparent Larmor

frequency in the rotating frame. If the frequency in the rotating frame is ωrot,frame, the

difference between the Larmor frequency ω0 and ωrot,frame is known as the offset Ω,

Ω = ω0 − ωrot,frame. (3.9)

The basic NMR pulse sequence (Figure 3.4 (a)) can be divided in three sections. In

section 1, the net vector reaches the equilibrium magnetization along the z axis. In

section 2, the coil in the xy plane produces a small magnetic field oscillating in time at

or near the Larmor frequency along the x axis. This x pulse will rotate the magneti-

zation towards -y, and the magnetization is in the yz plane. This field is known as the

radiofrequency or RF field, because the oscillation frequency is typically of order 500

MHz. The 90◦ pulse takes the system from equilibrium magnetization along the z axis

to a precession of the vector in the xy plane. In NMR, pulses are represented as bars

as shown in Figure 3.4 (a). Pulses can be applied along the x or y axis. In section 3,

the pulse is off and the magnetization keeps precessing until it once again reaches the

equilibrium magnetization along the z axis.
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Figure 3.4: Basic 1H pulse sequence and phase cycle. (a) Basic pulse sequence.
(b) View from the xy plane of the magnetization vector precession until equilibrium.

(c) phase cycle.

Phase cycling is commonly used to remove artifacts from the spectrum and a simple

phase cycling scheme is shown in Figure 3.4. Figure 3.4 (b) shows a schematic represen-

tation of the precession vector sequence until equilibrium from the xy plane view during

section 2. The phase cycling for a basic pulse sequence is shown in Figure 3.4 (c), the

phase cycling is simply averaging over any inhomogeneities since x is arbitrary, x, -x, y

and -y are equivalent. The other idea of the phase cycle is to select a particular quantum

coherence pathway. In the transmitter phase, the NMR instrument generates the pulses

(p1). In the receiver phase, the signal is amplified and acquired (acq). Experimentally,

the required duration for a 90◦ pulse of a sample is calculated by first determining the

duration for a 180◦ pulse when the magnetization vector is along the z axis, therefore

resulting in a minimum in the signal. This is the 180◦ pulse. The 90◦ pulse is simply

half that duration.

3.2 Spin echo

The main principle for diffusion NMR pulse sequences is to employ, in addition to RF

pulses, time-dependent magnetic field gradients, referred to as gradient pulses, in a spin

echo or Hahn spin echo sequence. Before explaining more about gradient pulses, let’s

consider a spin echo pulse sequence with only RF pulses.
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So far, we have consider a homogeneous static magnetic field, but in reality, there are

some local magnetic field inhomogeneities which result in spatially varying Larmor fre-

quencies. The field inhomogeneities causes the magnetization vectors at different posi-

tions to precess at different frequencies. Because of different precession frequencies in

the sample in the rotation frame, the vectors spread out. Since the total magnetization

vector is the sum of individual vectors, the acquisition signal decays [106].

The main purpose of a spin echo sequence is refocusing the signal. The spin echo sequence

is illustrated in Figure 3.5(a). Figure 3.5(b) is a series of graphics that corresponds to

the first step in the phase cycling in Figure 3.5(a). The variation of p1 (x, −x, y, −y) is

just geometrical, as discussed for phase cycles. For p2, y, −y applies the 180◦ pulse in

two equivalent ways, clockwise and counterclockwise. Initially, the magnetization vector

is in equilibrium and is parallel to the external magnetic field B0 (the first panel of

Figure 3.5(b)). In the x direction, a 90◦ pulse is applied such that the magnetization

vector is along -y, and therefore in the xy plane, as shown in the second graphic of

Figure 3.5(b). After removing the RF pulse, the coherence of the spins starts to be lost

(the third graphic of Figure 3.5(b), viewed from the rotation frame). These variations

in phase are due to inhomogeneities in the external field, spin-spin interactions, and

chemical shift.

In order to reverse these variations, a 180◦ pulse is applied along the y direction at a

time τ . The spins will remain in the xy plane but with inverted relative positions as

illustrated in the fourth graph of Figure 3.5(b). Since the spins keep precessing, they

will momentarily regain coherence at a time 2τ , forming an echo.

3.3 Diffusion/DOSY NMR

Translational self-diffusion measurements can be done by a pulse field gradient (PFG) se-

quence, sometimes referred to as a DOSY (Diffusion Ordered Spectroscopy) experiment

[106]. First, let’s introduce the idea of the magnetic field gradient pulse. A magnetic

field gradient is applied for a short amount of time δ. The purpose of this gradient

pulse is to enhance the dephasing process, and make the signal depend on space. We

know that the Larmor frequency is related to the external magnetic field by ω0 = −γB0.
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Figure 3.5: Representation of a spin echo pulse sequence and phase cycle.
Two pulses are applied at 90◦ and 180◦.

When an additional magnetic field Bz in the z axis is included, the effective frequency

is

ωeff = ω0 + γBz. (3.10)

Assuming that the gradient is constant, g = ∂Bz
∂z , ωeff is

ωeff = ω0 + γgz. (3.11)

This means that the effective Larmor frequency depends on the spatial location of the

spin along z.

The Pulse Gradient Spin Echo (PGSE) sequence was first proposed in 1965 by E.O.

Stejskal and J.E. Tanner [106]. In PGSE, there are two (nearly square) trapezoidal

magnetic-field gradients (g) after each pulse (90◦ and 180◦), as shown in Figure 3.6 (a).

Each gradient pulse has a duration of δ, and a separation time between pulses ∆.

If there is no diffusion, the magnetization vector will be rephased during the second

gradient. The acquisition signal should not loose amplitude (Figure 3.6 (b)). For dif-

fusing molecules, the total magnetization after rephasing will be reduced, meaning the
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Figure 3.6: Representation of a Pulse Gradient Spin Echo (PGSE) sequence.
Two pulses are applied at 90◦ and 180◦, followed by a gradient. The gradients incre-

mented during the experiment.

amplitude of the total signal will be smaller (Figure 3.6 (c)). The signal decay, processed

from the Fourier transform and then selected from a particular spectral region, is fitted

by a signal attenuation equation known as the Stejskal-Tanner equation,

S(k) = S(0) exp−kD (3.12)

where k = (γδg)2(∆− δ/3), and D is the translational diffusion coefficient.

In this thesis, we used a Pulse Gradient STimulated Echo (PGSTE) (Figure 3.7) [107].

In this sequence, there are three pulses (90◦, 90◦, and 90◦). Three gradient pulses are

applied after the RF pulses, respectively, as shown in Figure 3.7.
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Figure 3.7: Representation of a Pulse Gradient Stimulated Echo (PGSTE)
sequence. Three 90◦ pulses are applied, followed by a gradient. The second gradient
corresponds to a gradient spoil pulse. The gradients incremented during the experiment.

However, the second gradient pulse is a gradient spoil pulse (gspoil). The idea of gspoil is

to remove in-plane coherence during the evolution period. Thus all the magnetization

is stored along the z axis. The third RF pulse returns the magnetization to the xy

plane, and the third gradient pulse rephases the magnetization, either completely when

there is no diffusion, or only partially when there is. The signal attenuation equation is

unchanged, but the diffusion time ∆ is now the time between the first and third pulses.

For DOSY experiments, we used the pulse sequence shown in Figure 3.8 [106, 107]. The

difference is that bipolar pulses (g1) are applied. The idea of the bipolar gradient pulses

is to apply two pulses that are equal in magnitude but with different directions (i.e., a

gradient with magnetic field increasing along +z or increasing along -z). Water reso-

nance peaks are suppressed by the WATERGATE (WATER suppression by GrAdient

Tailored Excitation) (p5-p6) sequence (discussed in the next section) in all my diffusion

experiments. The gradient pulses in DOSY are sinusoidal rather than trapezoidal as

in diffusion NMR sequences. When a sinusoidal gradient is used, k in equation 3.12

changes from k = (γδg)2(∆− δ/3) to k = (γδg)2(∆− δ/4).

3.4 1H NMR with water suppression by WATERGATE

Most organic samples contains water molecules, which means that it is necessary to

suppress the water peak (4.7 ppm) in the spectra, such that other component peaks are

visible. If there is too much solvent signal, the peaks of interest will not be detected.

One way to do it is using the WATERGATE technique [107]. This technique is based

on the gradient spin echo used in DOSY and diffusion NMR.
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Figure 3.8: Representation of a DOSY sequence and its phase cycle. Bruker
pulse program name is stebpgp1s19, which has a stimulated echo, bipolar gradients,
and water suppression. g1 are bipolar pulses. The gradients incremented during the

experiment.

The main advantage of this technique is that does not suppress signals from nuclei of

interest exchanging protons with the water solvent. This is in contrast to, other water

suppression techniques like pre-saturation that irradiate the water resonance, but also

suppress nuclei exchanging protons with the water nuclei. The disadvantage of the

WATERGATE technique is that also suppress the signal that is very close to the water

resonance. Our NMR peaks of interest are sufficiently far away from the water resonance

at 4.7 ppm.

The pulse sequence (Figure 3.9 (a)) for water suppression by WATERGATE consists of

1 s relaxation delay (d1) to reach the equilibrium magnetization. This is followed by a

90◦ pulse (p1). Then, a sinusoidal-shaped field gradient (g1) is applied for 2 ms. The

purpose of the pulse is to dephase all the resonance peaks. Following this, a composite

pulse (p2, p3, p4, p5, p6, p7) is applied, acting as a 180◦ over all peaks except on the

water, which is on resonance. The composite pulse is a cluster of contiguous pulses with

different phases, eliminating errors in the magnetization inversion. p2, and p7: 0.231·p1.

p3, and p6: 0.692·p1. p4, and p5: 1.462·p1. Between each pulse (p2 to p7), there is a

delay (d2) of 300 µs. A second gradient pulse is applied (g2=g1), dephasing the water

resonance peak but rephasing all the other peaks inverted by the 180◦ composite pulse.

The FID is acquired with the water peak suppressed, dephased by the two gradients.

The phase cycling for WATERGATE technique is in Figure 3.9 (b).
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Figure 3.9: Representation of a WATERGATE sequence and its phase cycle.
(a) WATERGATE pulse sequence. (b) Phase cycling.

Figure 3.10: A 2-dimensional pulse sequence with RF pulses in the 1H-15N
channels. (a) The HSQC pulse sequence. (b) Phase cycling for the HSQC.

3.5 HSQC

One-dimensional NMR spectra are plotted as intensity versus frequency (or chemical

shift). Two-dimensional spectra are plotted as a frequency, F1, versus another fre-

quency, F2, with contour lines to represent signal intensity in the third dimension. The

Heteronuclear Single-Quantum Correlation or HSQC sequence reveals the direct bonds

between proton and nitrogen or carbon [106]. All HSQC experiments presented in this

manuscript were measured in the proton 1H and nitrogen 15N channels. Two-dimensional

NMR experiments consists of a preparation, evolution, and mixing, followed by the ac-

quisition. The HSQC spectrum of a protein can be used to monitor structural changes.

The HSQC pulse sequence is based on the Insensitive Nuclei Enhanced by Polarization

Transfer sequence, also known as INEPT. The first section in Figure 3.10 corresponds

to the INEPT sequence. The idea of an INEPT experiment is to transfer magnetization

from a nucleus with a high gyromagnetic ratio γ, like proton, to a nucleus with a lower
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Figure 3.11: Pulse sequence for a HSQC-DOSY experiment.

γ, like nitrogen or carbon. This is achieved after applying a series of pulses that excite

the high γ nucleus, and then trasferring its magnetization to the low γ nucleus. The

purpose is to enhance the signal from the heteronucleus.

In the preparation period of a 1H-15N HSQC (Figure 3.10), an INEPT pulse sequence is

applied to transfer the magnetization from the proton nucleus to nitrogen. Then, during

the middle section, a 1H : 180◦ pulse is applied to rephase the magnetization. In the

second INEPT, the 15N magnetization is transferred back to the proton for acquisition.

3.6 HSQC-DOSY

To measure the translational diffusion of the intrinsically disordered protein αS, a 1D

diffusion stimulated echo with bipolar gradients are used with a 1H-15N HSQC pulse

sequence. The resulting acquisition is a series of 1D 1H-15N HSQC with increasing

gradients [108]. The gradients used in the experiment were 1%, 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, and 90% of the probe gradient strength [109].

Figure 3.11 illustrates the pulse sequence for the HSQC-DOSY experiment. The first

block corresponds to the DOSY pulse sequence, in which the two variable bipolar pulses

dephase and rephase the magnetization along + and - z. The second block corresponds

to the HSQC pulse sequence, on which the magnetization is transfer from the 1H to the

15N nuclei [110, 111].



Experimental Techniques 34

3.7 Rheology

Rheological experiments were performed to measure shear stress as a function of shear

rate. All experiments were done using a cone-and-plate measuring system as illustrated

in Figure 3.12 from the side view (a) and the top view (b). The geometry of the cone-

and-plate system consists of a stationary flat circular plate on the bottom, and a circular

cone of radius R on the top. The upper circular cone has a cone angle α. For rheological

measurements, it is recommended that the cone angle α is between 1◦ and 4◦. In our

experiments we used α = 1◦ [97], with a plate diameter of 50 mm. This is the CP50-1

geometry.

Figure 3.12: Measuring system for rheology experiments. (a) Cone-and-plate
geometry for rotational viscometer. (b) Upper view of continuous rotation for steady

shear measurements. (c) Bidirectional rotation for oscillatory shear.

In this experiment, what is actually measured is the torque (mNm), deflection angle

(µrad), and the speed at the edge of the cone (min−1). These parameters are related

to shear stress σ, and shear rate γ̇.

Shear stress σ is defined as the fraction between the shear force F and the area A.

For a cone-and-plate rheological experiment, the force can be related to the torque

(torque = R× F), so that

σ =
F

A
=

torque
R sin(θTR)

Acone
= Css · torque. (3.13)

Css is a constant that only depends on the dimensions of the cone, and θTR is the angle

between the force and the direction of R. The units of Css are [1/m3] [97]. For shear

rate, we know it is defined as the speed divided by distance between both plates. In a

cone-and-plate measuring system, the speed and maximum gap are measured at the edge

of the cone. From figure 3.12 (a), we know that tanα = Hmax/R or Hmax = R tanα.
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For the speed vmax is equal to rotational speed ω multiplied by the radius R. Therefore

the shear rate γ̇ is

γ̇ =
vmax
Hmax

=
ωR

R tanα
=

ω

tanα
≈ ω

α
≈ Csrω. (3.14)

Csr is a constant that depends on the cone angle with units of [1/rad] [97]. Notice

that a small angle approximation was used in equation 3.14, which is the reason why

small angle cones are recommended for the measurements using a cone-and-plate system.

Figure 3.12 (b) illustrated the upper view of the cone-and-plate measuring system, which

rotates in one direction.

For oscillatory measurements, Figure 3.12 (c) shows an upper view representation of the

rotations performed by the cone-and-plate measuring system. In this case, the rotation

goes back and forward. From this experiments, we get the storage (G′) and the loss

(G”) modulus by the equations:

G′ =

(
τA
γA

cos(δA)

)
, (3.15)

and

G′′ =

(
τA
γA

sin(δA)

)
, (3.16)

where τA represents the shear stress amplitude measured in Pa, γA is the amplitude

sweep in %, and δA is the phase shift angle between the preset and the resulting curve.
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Materials and Methods

4.1 Biological crowder preparation

Unmanipulated bacterial cell lysate. In a sterile environment, 75 ml of lysogeny

broth (LB) media in a 500 ml Erlenmeyer flask was inoculated with 1 ml of frozen cell

stocks of E. coli strain JM109 bacteria. The overnight culture was incubated at 30 °C,

150 rpm between 15 and 20 hours. Using a disposable 10 ml serological pipette, 10 ml

of the overnight culture was transferred into 1L of LB media in a 4L Erlenmeyer flask at

37 °C. After reaching an optical density with an absorbance at 600 nm (OD600nm) of 0.6

against an LB media blank, the cells were harvested by centrifugation (Thermo Sorvall

RC6+ centrifuge) for 15 minutes at 4690g and 4 °C. With the spatula, I transfer the

pellet without adding water into the French press.The pellet was lysed using three rounds

of French press at 10, 000 psi. Note that the lysate was not subjected to sonication. The

lysed cells were flash frozen in liquid nitrogen and then lyophilized by freeze-drying

(Labconco Freezone 12 freeze dryer) for three days.

Ultracentrifuged bacterial cell lysate. The starting point of this treatment was

after the unmanipulated cell lysate was lysed. High molecular weight molecules and

complexes were removed from the lysate crowder. The large nucleic acids, lipid structures

and other cell debris in the lysed cells were removed by ultracentrifugation (Beckman

L90K centrifuge) at 100, 000g at 4 °C for 40 minutes. Considering a 5 cm centrifuge

tube and 1.41 g/cm3 [112] the average density of proteins in E. coli, we estimated that

ultracentrifugation should get rid of macromolecules with an approximate hydrodynamic

36
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radius of 10 nm and larger (calculation in appendix B). The supernatant was carefully

separated from the pellet using a sterile pipette. The supernatant was flash frozen in

liquid nitrogen and then lyophilized for three days.

Anion exchange chromatography bacterial cell lysate. The starting point of this

treatment was after ultracentrifugation in the ultracentrifuged cell lysate. To remove

some of the negatively charged crowder molecules, 1 g of diethylaminoethyl-cellulose

resin (Biophoretics, referred as DEAE 52 in the text) was mixed with 15 ml of TBS

(Tris-Buffered Saline: 50 mM Tris-Cl, 150 mM NaCl, pH 7.5) was vortexed at room

temperature to form a slurry. The DEAE 52-TBS mixture was added to the ultracen-

trifuged bacterial cell lysate in equal proportion by volume. The solution was stirred

for five minutes at room temperature to allow the resin to bind the negatively charged

molecules. The stirred solution was centrifuged at 7850g at 4 °C for 15 minutes and the

supernatant carefully separated from the pellet using a sterile pipette. The pellet from

the centrifuged was poured onto a PD-10 column (GE Heathcare). The pellet mixed

with the resin was discarded. The pH of the collected flowthrough from the column

and the supernatant were adjusted to 7.0, which afterwards was flashed frozen in liquid

nitrogen and then lyophilized for three days.

Crowder concentration. Initially, we intended to estimate the concentration from

fresh (not lyophilized) cell lysate. To do so, 6 flask of E. coli strain JM109 bacteria

were grown following the beginning protocol of unmanipulated lysate. For each flask,

the growth was stopped at different OD600nm, flask 1=0.2, flask 2=0.4, flask 3=0.6,

flask 4=0.7, flask 5=0.8 and flask 6=1.0 (Figure 4.1(a)). After reaching the desired

optical density, the cells were harvested by centrifugation for 15 minutes at 4690g and

4 °C. The harvested bacteria (pellet) were flash frozen in liquid nitrogen and then

lyophilized by freeze-drying for three days. The mass of the dry weight was calculated

as dry.weight = masscentrifuge.tube+bacteria−masscentrifuge.tube. The dry weight concen-

tration (dry.weight/volume) was estimated by dividing the mass of the dry weight by

the initial centrifuge tube volume before lyophilization. The dry weight concentration of

the growth as a function of the optical density OD600nm is shown in Figure 4.1(b). The

curve in Figure 4.1(b) was fitted as log(dry.weight) = A×OD600nm +B, where A and

B are constant from the fit. The experiment was repeated a second time to guarantee

consistency in the resulting fit. However, the fitted curves were not consistent. There-

fore, resuspension from lyophilization were used in all experiments for accuracy in the
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final crowder concentration value.

Figure 4.1: Growth curve of E. coli bacteria. (a) Optical density OD600nm of
the bacteria E. coli as a function growth time. The growth for each flask was stopped
at different OD’s, starting with flask 1: 0.2, flask 2: 0.4, and lastly flask 6: 1.0. (b)

Logarithmic dry weight of cell lysate as a function of the OD600nm.

4.2 α-synuclein protein purification

Non-labelled αS protein purification.

BL21 (DE3) pLysS (Promega) cells had previously been transformed with a pET21 DNA

plasmid (Genscript) that codes for the α-synuclein expression construct (see Figure 4.2).

Figure 4.2: Fusion protein sequence. The red bar corresponds to the 6-histidine
tag. The green bar remarks the GB-1 protein attached to the disordered protein αS in

yellow bar with the cleavage site marked by grey triangles.

1 ml of transformed frozen cell stock were inoculated into 75 ml sterilized lysogeny broth

(LB) media in a 500 ml Erlenmeyer flask with 100 µg/ml ampicillin (Fisher, filtered with

Sartorius 0.22 µm filter) and 35 µg/ml chloramphenicol (Sigma Aldrich, filtered with
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Sartorius 0.22 µm filter). The bacteria were incubated (Geneq Inc SI incubator) at 30

◦C and 150 rpm overnight for 17 hours. 1 L of LB media with 100 µg/ml ampicillin

and 35 µg/ml chloramphenicol was warmed in a 4 L flask at 35 ◦C overnight.

Each 1 L LB media was inoculated with 10 ml of the overnight culture. The flasks were

incubated at 37 ◦C and 175 rpm. One of the flasks was measured periodically against

a blank of cold LB media in a spectrophotometer (Genesys 10S UV-vis) in order to

obtain the OD600nm. Once the bacteria reached an OD600nm of 0.6, 1 ml of isopropyl

β- d-1-thiogalactopyranoside (IPTG, Gold Biotechnology) was added to each flask to a

final concentration of 1M. The bacteria were incubated until OD600nm = 1.0, typically

around 30 minutes. The purpose of the IPTG is to trigger the expression of αS. The

cells were harvested in a centrifuge (Sorvall RC6+) at 4690g and 4 ◦C. The pellet was

collected and resuspended in 20 ml TBS (Tris-Buffered Saline: 50 mM Tris-Cl, 150 mM

NaCl, pH 7.5) with 1 mM PMSF (phenylmethylsulfonyl fluoride). PMSF is a protease

inhibitor. The resuspension was stored at -20 ◦C until the next day.

Using a french press (Amico), the thawed pellet mixed with TBS/PMSF was lysed at 10

000 psi for three cycles at 4 ◦C. After french press, the lysate was sonicated (Branson

sonifier cell disruptor) on setting 7, repeating for three cycles of 30 seconds each. To

avoid overheating, the sample was kept on ice. The lysate was centrifuged at 100 000g

and 4 ◦C for 40 minutes using the Beckman L-90K ultracentrifuge and the rotor 70Ti.

Using a disposable serological pipette, the supernatant, which contains αS, was removed

and placed on ice.

Immobilized metal affinity chromatography (IMAC) beads was used to purify αS from

the other bacterial proteins. The expressed αS contains a 6-histidine tag which allows

it to bind to the IMAC resin, while the rest of the bacterial proteins should not. The

column preparation steps were carried out as follows. To charge 5 ml of sepharose beads

(IMAC sepharose 6 fast flow, GE Healthcare) with metal ions, a 0.2 M solution of nickel

(II) sulfate hexahydrate (Sigma) ions was dissolved in distilled water. The sepharose

resin was placed in a PD-10 column (GE Healthcare) with two column volumes (CV)

of distilled water. 1 CV=5 ml. Then, 0.2 CV (1 ml) of the 0.2 M nickel solution was

applied to the column. The column was washed with 5 CV (25 ml) of distilled water

to remove the excess metal ions. Then, it was washed with 5 CV of loading buffer
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(5 mM imidazole, 50 mM Trizma base, 150 mM sodium chloride (NaCl), pH 7.5) to

pre-equilibrate the column.

The supernatant containing αS was combined with the previously prepared IMAC resin

in a cold room at 4 ◦C. The mixture was gently agitated by hand for 5 minutes. The resin

with bound αS was isolated by centrifugation (Sorvall RC6+) at 1000g for 15 minutes

at 4 ◦C. Using a serological pipette, the supernatant was decanted into a centrifuge

tube. The pellet containing the resin with αS bound to it was transferred into the PD-

10 column. The remaining flowthrough liquid coming from the column, which should

not have αS bound to it, was collected in the supernatant centrifuge tube and stored

at 4 ◦C. The resin (pellet) was washed with 5 CV of loading buffer. The flowthrough

was collected as 1.5 ml fractions in Eppendorf tubes. Then, the resin was washed with

5 CV of washing buffer (20 mM imidazole, 50 mM Trizma base, 150 mM NaCl, pH

7.4). The flowthrough was collected in aliquots of 1.5 ml into Eppendorf tubes. Then,

the resin was washed with 5 CV of elution buffer (300 mM imidazole, 50 mM Trizma

base, 150 mM NaCl, pH 7.4) with the purpose of releasing the αS from the resin. The

flowthrough was collected in fractions of 1.5 ml into Eppendorf tubes.

The optical density at a wavelength of 280 nm of each flowthrough fraction was measured

using the corresponding buffer (loading, washing or elute) as the blank. The reason 280

nm is used is because that is the maximum absorbance for proteins with aromatic

sidechains. The optical densities were measured using a quartz 10.00 mm cuvette in

a Genesys 10S UV-vis spectrophotometer. Between each measurement, the cuvette

was cleaned with distilled water. Each fraction was stored back in its eppendorf tube.

The fractions with higher optical density were pooled and run in a sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) experiment. The fractions with

higher optical density are more likely to contain a higher concentration of the αS protein.

SDS-PAGE experiments were performed using a 12% Mini-PROTEAN® TGXTM pre-

cast 50 µl 10-well protein gel (Bio-rad). 50 µl of sample buffer (100 mM Tris (Sigma),

0.05% (w/v) bromophenol blue (Biorad), 20% (w/v) glycerol (Sigma), 1 mM dithiothre-

itol (DTT, Sigma), 4% w/v sodium dodecyl sulfate (SDS, Sigma, SDS was added after

adjusting the pH), pH 6.8) were mixed with 50 µl of high OD fraction. The mixture

was submerged in a water bath at 100 ◦C for 5 min. Each well of the cell was filled

with 20 µl of the previously boiled mixture, leaving one well for 5 µl of protein marker
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as a reference. The loaded gel was set up into a cell with 1X diluted from 10X running

buffer (10X stock: 250 mM Tris base, 1.92 M glycine, 1% SDS, 1000 ml distilled water,

pH 8.3) at 80 V for 10 minutes, intermediately followed by an increase to 155 V for

at least 40 minutes or until the blue dye front reached the black line at the bottom.

After electrophoresis, the gel was submerged in Coomassie Brilliant Blue R-250 staining

solution (Bio-Rad) and agitated at 100 rpm (Orbit Shaker-lab-line) for 1 hour. Then,

the gel was transferred into a destaining solution (5% acetic acid, 10% ethanol) and

agitated at 100 rpm overnight. Gel images were captured using ImageQuant LAS 4000.

The expressed protein construct is a fusion protein with αS (yellow) plus guanine

nucleotide-binding protein subunit beta (GB-1) (green), as shown in Figure 4.2. The rea-

son why the expressed protein is a fusion of GB-1 and αS is to avoid aggregation, since aS

by itself is prone to aggregation. EZCut tobacco etch virus (TEV) protease (Bio-vision)

was used to cleave GB-1 from αS. 19 µl of 1 µg/ml EZCut TEV (triangles) protease was

added per mg of fusion protein. The volume of the sample was doubled with TBS buffer

and incubated at 34 °C for 90 minutes. The concentration of the fusion protein was

calculated from the absorbance at 280 nm using the Lambert-Beer Law, A = εcl, where

A is the measured optical density, ε = 17420 1/Mcm is the molar extinction coefficient

for the amino acid sequence of the fusion protein (web.expasy.org/protparam), c is the

concentration of the absorbing species, and l the path length.

At this point the αS should be cleaved from the GB-1, but a further step is needed to

separate the two proteins. This was done with a second IMAC column. GB-1, which

retains the 6-histidine tag (his-tag), should stick to the resin, whereas the αS, which

now has no histidine tag, should flow through. The his-tag (red) are the six consecutive

histidine residues located in the n-terminal (Figure 4.2).

If re-used, the resin was regenerated by adding 5 CV of IMAC stripping buffer (20

mM Na3PO4, 500 mM sodium chloride, 50 mM EDTA, pH 7.4), followed by 5 CV of

deionized water. The column is charged with 1.2 ml of 0.2 NiSO4, and then washed

with 5 column volumes of deionized water. Finally, the column is pre-equilibrated with

5 column volume loading buffer.

The GB-1 plus αS mixture was applied to the IMAC column, and the flowthrough col-

lected in 1.5 ml fractions. The resin was washed with 5 CV of TEV washing buffer (50

mM Trizma base, 100 mM NaCl, pH=8.0) and collected in 1.5 ml fractions. Using
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quartz cuvette and the spectrophotometer, the optical density of each fraction was mea-

sured at a wavelength of 280 nm. Using the highest optical density values, a SDS-PAGE

was run and fractions containing pure αS were pooled together.

The pooled sample was dialyzed with a membrane of molecular weight cut-off (MWCO):

6- 8,000 Da (Spectrumlabs) at 4 ◦C and for 24 hours against sodium phosphate buffer

(10 mM sodium phosphate dibasic, anhydrous, 0.05 % sodium azide, pH 7.0). αS has

a molecular mass of 14,460 Da, which means that the MWCO of the membrane allows

the buffer components to cross but not the protein. 12 % SDS-PAGE was performed

with the pooled sample after dialysis (Figure 4.3). Lane 1 (after dialysis) was compared

with the flowthrough before dialysis (lane 2), standard proteins (lane 3) and with the

fusion protein (lane 4).

Figure 4.3: 12 % SDS-PAGE of αS at different stages of protein purification. Lane
1: αS with an approximate size of 14 kDa. Lane 2: flowthrough before dialysis. Lane
3: protein standard of sizes 250, 150, 100, 75, 50, 37, 25, 20, 15 and 10 kDa. Lane 4:

flowthrough before cleavage of the fusion protein.
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Table 4.1: 400X trace elements minerals for M9 media. Final solution must be filter-
sterilized.

Ingredient Concentration Source

FeCl3 · 6H2O iron (III) chloride hexahydrate 2.7g/100ml Sigma Aldrich

ZnCl2 · 4H2O manganese (II) chloride tetrahydrate 0.2g/100ml Sigma Aldrich

CoCl2 · 6H2O cobalt (II) chloride hexahydrate 0.2g/100ml Fisher

Na2MoO4 · 2H2O sodium molybdate dihydrate 0.2g/100ml Sigma Aldrich

CaCl2 · 2H2O calcium chloride dihydrate 0.1g/100ml Sigma Aldrich

CuCl2 · 6H2O copper chloride hexahydrate 0.13g/100ml Sigma Aldrich

H3BO3 boric acid 0.05g/100ml Sigma Aldrich

thiamine hydro-chloride 10 % v/v Sigma Aldrich

15N labelled αS protein preparation. To prepare αS with 15N labels, protein is

prepared as above, except that the bacteria that produce the protein are given a growth

media that only contains one nitrogen source- and that nitrogen source contains the

15N isotope. 1 L of M9 media was prepared as follows, 6 g/L Na2HPO4 sodium phos-

phate dibasic (Sigma Aldrich), 3 g/L KH2PO4 potassium phosphate monobasic (Sigma

Aldrich), 0.5 g/L NaCl (Fisher), and pH 7.4 was autoclaved and then incubated at 37

°C overnight before adding the other M9 media ingredients.

The other M9 media ingredients are 1 ml of 100 mg/ml ampicillin (filtered), 1 ml of 35

mg/ml chloramphenicol (filtered with Sartorius 0.22 filter), 2 ml of 1 M MgSO4 ·7H2O

magnesium sulfate heptahydrate (Sigma Aldrich, filtered), 100 µl of 1 M CaCl2 · 2H2O

calcium chloride dihydrate (Sigma Aldrich, filtered), 1 ml of 10 mM FeSO4 ·7H2O iron

(II) sulfate heptahydrate (Fisher, filtered), 1 ml of 5 mg/ml thiamine hydro-chloride

(Sigma Aldrich, filtered), 2.5 ml of 400x trace elements minerals (filtered, table 4.1), 1 ml

of 1000x vitamin supplements (filtered, table 4.2), 1 g of 15N-labelled ammonium chloride

(Cambridge Isotopes, 15NH4Cl), and 4 g of glucose (Sigma Aldrich). αS expressing

bacteria were grown as in the section 4.1 and then switched into M9 media at the point

the overnight culture was inoculated into the large-scale cultures. At OD600nm of 0.6,

1 ml of 1M IPTG (prepared in stock) was added to each flask. The protein was then

purified as for the unlabelled protein (section 4.2). It should be noted that cells grew

faster in LB media than M9 media.



Materials and Methods 44

Table 4.2: 1000X vitamin supplement for M9 media. Final solution must be filter-
sterilized.

Ingredient Concentration Source

D-Biotin 0.1g/100ml Novabiochem

Choline chloride 0.05g/100ml Sigma Aldrich

Folic acid 0.05g/100ml Sigma Aldrich

Myo-Inositol 0.1g/100ml Sigma Aldrich

Nicotinamide 0.05g/100ml Sigma Aldrich

D-Pantothenic acid 0.05g/100ml Sigma Aldrich

Pyridoxal hydrochloride 0.05g/100ml Sigma Aldrich

Riboflavin 0.005g/100ml Sigma Aldrich

Thiamine hydrogen chloride 0.005g/100ml Sigma Aldrich

4.3 NMR sample preparation

PEG in lysate crowder. Polyethylene glycol, with an average molecular weight 22

000 g/mol, polydispersity index 1.10 and neutral charge, was purchased from Polymer

Source. Used as the probe macromolecule, PEG in distilled water was added to the

lyophilized lysate to a final PEG concentration of 30 mg/ml. The lyophilized cytosol

was mixed with distilled water and stirred using a vortex. The clumps were pressed with

a spatula and then stirred with the vortex. The process was repeated many times until

no clumps were visible. The mix was not filtered. The pH for the resuspended lysate is

7.0 for all experiments. Three kinds of lysate crowders were used in the experiments–

unmanipulated, ultracentrifuged, and anion exchanged– at a crowder concentration of

50, 100, 150, 200, 250, and 300 mg/ml. The concentration of the crowders was chosen

to include the overall concentration of a cell (200- 400 mg/ml). For each diffusion

NMR measurement, the solution was prepared the same day and discarded after the

experiment. PEG in distilled water was used as a reference sample.

αS in lysate crowder. 15N-labelled αS (pH 7.4) with a molecular weight 14 kDa at a

fixed concentration of (2.08±0.31) mg/ml or 148.6 µM was added into lyophilized lysate

in 90:10 (by volume) H2O:D2O and 0.4 mM sodium trimethylsilylpropanesulfonate

(DSS). Three kinds of lysate crowders were used in the experiments– unmanipulated,

ultracentrifuged, and anion exchanged– at a concentration of 25, 50, 75, and 100 mg/ml.

The concentrations were chosen to test αS diffusivity at low crowder concentrations. 15N-

labelled αS served as the probe macromolecule. 15N-labelled αS in 90:10 H2O:D2O was

used as a reference sample. For each HSQC-DOSY NMR experiment, the solution was

prepared the same day and discarded after experimentation.
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4.4 NMR

1H 1D NMR. 1H 1D spectra were measured in a Bruker Avance II 500 MHz spec-

trometer. The experiments were performed with a TXI probe with a B0 magnetic field

magnitude of 11.75 T . 800 µl 90:10 H2O:D2O of sample was transferred to a 7” long

and 5 mm diameter pyrex glass NMR tube (ACP Chemicals Inc.). 1H 1D NMR spectra

were measured using WATER suppression by GrAdient Tailored Excitation (a pulse

sequence known as WATERGATE) [113, 114]. All experiments were performed at a tem-

perature of 25 ◦C. Spectra processing was carried out using TopSpin and MestreNOVA.

The phase was corrected by automatic processing and the baseline with an auto-correct

3rd degree polynomial.

1H PFG NMR. Translational self-diffusion coefficients were measured on a Bruker

Avance II 600 MHz spectrometer. The diffusion experiments in chapter 6 were performed

with a diffusion Diff30 probe with a maximum gradient strength of 1800 G/cm (18

T/m) and a B0 magnet field magnitude of 14.08 T . The maximum gradient used in

our experiments was 1000 G/cm. 1 ml of the sample was transferred to a 7” long

and 5 mm diameter pyrex glass NMR tube. Diffusion coefficients were measured using a

nearly square trapezoidal gradient pulse in a Pulse Gradient Stimulated Echo (PGSTE)

sequence experiment [115]. All experiments were performed at a temperature of 25 ◦C.

Analysis of measured diffusion coefficients was carried out using previously described

methods [27].

The diffusion coefficients were obtained from the attenuation of the signal according to

the bi-exponential equation

S(k)/S(0) = f exp(−Dfastk) + (1− f) exp(−Dslowk) (4.1)

where S(k) and S(0) are the intensities of the signals with and without the field gradient

pulses, respectively. Dfast represents the diffusion coefficients for the fast component

and Dslow is the diffusion coefficient for the slow component. The fraction of the fast

component is represented by f . The field gradient pulse is given by k = (γδg)2(∆−δ/3),

where the gyromagnetic ratio for proton is γ = γH = 2.657 × 108T−1s−1, the duration

of the field gradient pulse is δ = 2 ms, the time between two gradient pulsed is ∆ = 100
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ms, and the amplitude of the field gradient strength g was from 50 to 1000 G/cm, with

64 gradient steps, and 16 scans at each step. All self diffusion values were calibrated

using the diffusion coefficient of trace HDO in D2O, which is 1.902× 10−9 m2/s [116].

DOSY. Translational self-diffusion coefficients were measured in a Bruker Avance II

500 MHz spectrometer. The protein diffusion experiments in chapter 7 were performed

with a TXI probe with a maximum gradient strength of 33.71 G/cm and a B0 magnetic

field magnitude of 11.75 T . We used a sinusoidal shape for the gradient. The maximum

value for the gradient strength at 100% is 33.71 G/cm. For a smoothed square gradient,

the maximum value at 100% is 48.15 G/cm. 800 µl of sample in 90:10 H2O:D2O was

transferred to a 7” long and 5 mm diameter pyrex glass NMR tube. Experiments

were carry out using standard Bruker pulse program stebpgp1s19 to obtain diffusion

coefficients by DOSY. The pulse program applies WATERGATE for water suppression

and stimulated echoes with bipolar gradient pulse pairs. All experiments were performed

at a temperature of 25 ◦C. Analysis of measured diffusion coefficients was carried out

using a mono-exponential equation (3.12) of the signal attenuation decay. γ = γH =

2.657× 108T−1s−1, δ = 3 ms, and ∆ = 100 ms.

HSQC-DOSY with 15N-labelled αS. For 15N-labelled αS, diffusion coefficients were

measured with a 15N edited technique to avoid the protein signal being overwhelmed by

background signals from the lysate. 15N-labelled protein translational self-diffusion co-

efficients were measured in a Bruker Avance II 500 MHz spectrometer. The experiments

were performed with a TXI probe with a maximum gradient strength of 48.15 G/cm

and a B0 magnetic field magnitude of 11.75 T . We used a smooth square gradient. 800

µl of sample in 90:10 H2O:D2O was transferred to a 7” long and 5 mm diameter pyrex

glass NMR tube. DOSY experiments were carried out using a series of 1H-15N HSQC

experiments at 1, 10, 20, 30, 40, 50, 60, 70, 80, and 90 % of the gradient strength [108].

Each 2-dimensional HSQC gradient spectrum was processed in TopSpin as a 1D exper-

iment. The diffusivity values were obtained from the attenuation of the signals peak

area under the peaks from each gradient, as shown in Figure 4.4. The stacked spectra in

Figure 4.4 shows the peaks from the regions between 10 and 6 ppm. Each spectrum was

processed with TopSpin, using automatic phasing and auto-correct polynomial baseline

with degree 3.

The first gradient 0.482 G/cm corresponds to 1 %, 4.815 G/cm to 10 %, and so on until
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Figure 4.4: Signal attenuation of labelled αS. 1H-15N HSQC-DOSY of 0.1 mM
15N labelled αS in no crowder. The attenuated signal is shown as a function of the field

gradient pulse g. Each spectrum is shown between 10 and 6 ppm.

10 %. The area under the region between 8.7 and 7 ppm was integrated in TopSpin. The

first gradient was normalized to 1, and following gradients were adjusted to the previous

integration. The translational diffusion coefficient associated with αS was obtained from

the signal attenuation of an exponential fitting, also known as Stejskal-Tanner equation:

S(k) = S(0)exp(−Dk). (4.2)

S(k) and S(0) are the signals with and without the field gradient pulses, respectively.

k = (γgδ∆)2(∆−δ/3), where the proton gyromagnetic ratio value is 2.657×108 T−1s−1,

the duration of the field gradient pulse is δ = 3 ms, the time period between two pulses

is ∆ = 100 ms, and the amplitude of the field gradient pulse g.

The translational diffusion experiments with PEG polymer could be carried out at high

gradients (≈ 1000 G/cm, corresponding to kmax ∼ 1012 s/m2). For the protein samples

in crowded enviroments, we were limited to the TXI probe (in order to use the 15N

channel). Thus maximum gradients were g < 50 G/cm, and kmax ∼ 1010 s/m2. Thus,

the αS diffusion measurements in chapter 7 are not able to detect the slow component

of the diffusivity, if it exists.
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4.5 DLS and zeta potential

Dynamic light scattering and zeta potential. Dilutions were performed with re-

suspended lyophilized lysate in distilled water prior to the measurements. The lysate

concentration was first adjusted to 50 mg/ml, and mixed using a vortex mixer. Next,

serial dilutions were performed to produce samples at a final concentration of 1 mg/ml.

1 ml of sample was pipetted into a disposable polystyrene cuvette for size measurements.

A Malvern Panalytical Zetasizer Nano ZS was used to measure the hydrodynamic size

and zeta potential values at 25 ◦C. The viscosity η of the solvent was set in software

to 0.89 cP , the refractive index to 1.450, and the equilibration time was 120 seconds.

The sample cell used for zeta potential measurements was the ZEN1002 (Malvern). The

measurement time was set to a minimum of 50 repetitions. The analysis model used for

data processing was “general purpose,” since there is a variety of particle sizes in the

sample.

4.6 Rheology

Shear stress experiments. Shear stress σ versus shear rate γ̇ flow curves were the

primary rheometry method employed. All rheology experiments were performed using

an Anton Paar MCR 301 rheometer with a CP50-1 cone-and-plate tool that is 50 mm

in diameter and has a 1◦ cone angle. All samples were pre-sheared for 60 s before the

data was collected. The shear stress σ was measured as a function of the shear rate γ̇

which was varied from 2 to 200 s−1. The apparent viscosity η at a particular shear rate

γ̇ can be obtained from the equation η(γ̇) = σ
γ̇ .

Steady small shear and oscillatory shear experiments. Oscillatory shear exper-

iments were also performed with the CP50-1 cone-and-plate tool. All samples were

pre-sheared for 60 s before the data was collected. Oscillatory measurements as a func-

tion of angular frequency were done at 5 different amplitude sweeps: 1, 5, 10, 30, and

50%. The damping factor G”/G’ can be obtained by dividing the viscous modulus G”

and the elastic modulus G’. The viscoelastic moduli were measured as a function of the

angular frequency which was varied from 2 to 200 s−1.
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Rheology of cell lysate

Here we compare the rheological response between E. coli bacterial cell lysate and the

artificial crowder Ficoll. We compared to Ficoll since it is a commonly used in crowding

studies. We performed shear stress versus shear rate experiments to obtain the type of

flow and apparent viscosity of our samples. Furthermore, we explore the viscoelastic

properties of cell lysate.

In this chapter, we used different batches of bacterial cell lysate. As a guide for the

reader, table 5.1 lists the different bacterial cell lysate growth (batch) with its corre-

sponding Figure.

Table 5.1: Different batches used in the thesis related to their corresponding figures.

Batches

Figure Unmanipulated Ultracentrifuged Anion exchanged

5.1 1 & 2 3 4

5.2 2 - -

5.3 2 - -

5.4 2 3 4

5.5 1 - -

5.1 Rheological characteristics of bacterial cell lysate

We studied the bulk rheological properties of the different treatments of lysate. Figure

5.1 shows the dependence of the shear stress σ (Figure 5.1(a)) and apparent viscosity

η = σ/γ̇ (Figure 5.1(b)) as a function of the shear rate for two batches of unmanipulated

49
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Figure 5.1: Rheology of crowders at 200 mg/ml. (a) Shear stress versus shear
rate of 200 mg/ml cell lysate and Ficoll at 25 ◦C. The line y = x of slope 1 is shown as
a guide to the eye. (b) Viscosity versus shear rate of 200 mg/ml cell lysate and Ficoll.
The three lysate treatments show shear-thinning flow. Viscosity of water is shown as a

guide to the eye.

cell lysate as well as ultracentrifuged and anion exchanged lysates. We compare our cell

lysate results to Ficoll. The σ vs γ̇ plot for Ficoll (purple diamonds in Figure 5.1(a)) is

linear and has a slope of unity on a log-log scale, i.e. Ficoll solutions have a Newtonian

rheological response, η = σ/γ̇, that is a constant, independent of the shear rate [4]. For

the unmanipulated, ultracentrifuged and anion exchanged cell lysates, the flow curves

are not linear but exhibit power law behavior, i.e., they are linear on a log-log scale,

but with a slope less than 1. In addition, they do not approach zero stress at zero shear

rate, i.e., they exhibit a “yield stress”. There are also variations from batch to batch for

the lysate, as shown in Figure 5.1 (a,b) for unmanipulated lysate. Nevertheless, in spite

of these variations, the cell lysates are distinct from Ficoll.

To capture both the non-zero yield stress and the power-law dependence on shear rate,

the shear stress curve was fitted using the Herschel-Bulkley (HB) model [97],

σ = σ0 + k0γ̇
n (5.1)

where σ is the shear stress, σ0 is the yield stress, k0 is the consistency index, and n is

the flow index. A fluid is shear-thinning, e.g. like ketchup, when n < 1, and thickening,

like cornstarch in water, when n > 1. The HB model is a generalized rheological model

for a non-Newtonian fluid. For a Newtonian fluid, σ0 = 0, n = 1 and k0 = η is the bulk

viscosity. Another way of visualizing this non-Newtonian behaviour is that the apparent

viscosity η = σ/γ̇ decreases with shear rate (Figure 5.1(b)). Since this apparent viscosity
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decreases with lysate concentration, they are shear-thinning, while the Ficoll solution is

not.

Figure 5.2: Rheological characterization of unmanipulated cell lysate at 25
◦C. (a) Shear stress versus shear rate. (b) Herschel-Bulkley exponent n for lysate
concentrations of 50, 200, 250 and 300 mg/ml decreases from n = 1 at 0 concentration
to n = 0.471 ± 0.002 at 300 mg/ml: the more concentrated cell lysate shows more
pronounced shear-thinning. (c) Yield stress σ0 versus lysate concentration was obtained
from the Herschel-Bulkley fit, and increases from 0 to (0.8 ± 0.2) Pa. Error bars
represent standard deviation in the fit. The dotted lines in Figures (b) and (c) are a

guide to the eye.

Focusing on a single batch of unmanipulated cell lysate, we examine the concentration

dependence of the rheological properties. In Figure 5.2(a), we see the shear stress versus

shear rate of unmanipulated cell lysate at concentrations of 50, 200, 250, and 300 mg/ml.

Each concentration was successfully fitted using the HB model, obtaining a HB exponent

n. In Figure 5.2(b), the HB exponent n decreases with increasing unmanipulated lysate

concentration, from 1 (i.e., Newtonian) at 0 mg/ml to ∼ 0.5 at 300 mg/ml. The values

of the HB exponent n decrease steadily from 1 to 0 with increasing concentration. Thus,

the unmanipulated lysate exhibits non-Newtonian, shear-thinning behaviour that is more

pronounced at higher concentration.

From the fits to the HB model, the yield stress as a function of the concentration of

the unmanipulated lysate is shown in Figure 5.2(c). The yield stress is a representation

of how much stress must be applied in the unmanipulated lysate in order to start it

flowing. As observed from Figure 5.2(c), the yield stress σ0 increases from zero to a

value of 0.8± 0.2 Pa as the concentration of lysate increases from 0 to 300 mg/ml. The
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elasticity (∼ 1 Pa) is very weak; in comparison jello would have an elastic modulus on

the order of kilopascals [117].

A possible explanation for shear-thinning behaviour in bacterial cell lysate might be due

to macromolecular entanglement. In the presence of shear, cell lysate macromolecules

are oriented and disentangled in the direction of the shearing. Meanwhile, Ficoll is

roughly an artificial compact macromolecule, which cannot align in the direction of the

shear load.

In order to test the non Newtonian behaviour at different temperatures, we measured

the stress response from 0 to 40 ◦C, as shown in Figure 5.3(a). As a first observation, 200

mg/ml unmanipulated cell lysate shows a shear thinning behaviour when increasing the

temperature from 0 to 40 ◦C. Before changing the temperature during the experiment,

the initial measurement was done at 25 ◦C. Later, the temperature was changed to

0 ◦C and gradually increasing until 40 ◦C, repeating the measurement at 25 ◦C, for

each stress-rate curve. Both curves, the first measurement stress-rate at 25 ◦C and the

second measurement during the temperature gradually increasing, did not show any flow

behaviour or shear stress magnitude differences.

As for Figure 5.2, we fitted each stress-rate curve to the Herschel-Bulkley model (equa-

tion 5.1) using a global fit in Igor Pro 8, where HB exponent was fixed to result in the

same value for all curves. From the yield stress σ0 as a function of temperature (Figure

5.3(b)), we observe σ0 value increases at 30 ◦C, with the exception of 0 ◦C. In addition,

the consistency index k0 shows an abrupt change at 30 ◦C. From k0 values at 0 ◦C,

the lysate shows more movement resistant compared to the same-batch lysate at 25 ◦C.

However the curve direction changes at 30 ◦C, where k0 increases again after initially

decrease. This result might suggest that maybe diffusion experiments would be better

to study at the body temperature at 37 ◦C. We disregard the abrupt change in yield

stress at 0 ◦C could be an artefact due to freezing. However, the abrupt increase in

yield stress at 30 ◦C is likely a real effect that should be examined further. It should

be stated that in spite of this difference, the essential result that the cell lysate shows a

non-Newtonian HB rheological response is valid at all temperatures.
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Figure 5.3: Temperature dependent rheology of unmanipulated cell lysate
at 200 mg/ml. (a) shear stress versus shear rate measured at different temperatures
for same sample of lysate. (b) Herschel-Bulkley exponent n for the unmanipulated cell
lysate as a function of the temperature. (c) Yield stress σ0 versus temperature. The
yield stress was obtained from the Herschel-Bulkley fit. Error bars represent standard

deviation in the fit.

5.2 Steady small shear and oscillatory shear experiments

We tested the viscoelastic response of cell lysate. Samples of unmanipulated, ultracen-

trifuged and anion exchanged lysate were investigated at the amplitude γ̇A of 5%. In

Figure 5.4, qualitatively, the storage G′ and loss G′′ moduli increases with increasing the

angular frequency ω. The angular frequency dependence is sublinear for both G′ and

G′′. In the case of G′′, a sublinear ω dependence with G′′ ∼ ωα (α < 1) is consistent

with the shear thinning behaviour observed in Figure 5.1. Comparing the magnitudes

of G′ and G′′, we see that G′′ < G′ for the unmanipulated cell lysate which means the

elastic-like behaviour dominates over the viscous-like, but G′ and G′′ are very similar

in magnitude for the ultracentrifuged and anion exchanged lysates which means both

behaviour are present at 5%.

The damping factor (G′′/G′) is calculated from the division of the viscous modulus (G′′)

by the elastic modulus component (G′). For values < 1, elastic-like behaviour domi-

nates in the lysate. While for values of the damping factor > 1, viscous-like behaviour

dominated in the lysate. For G′′/G′ = 0, it means that the elastic modulus completely

dominates over the viscous modulus, i.e. ideal-elastic behavior. For G′′/G′ =∞, the vis-

cous modulus completely dominates over the elastic modulus, i.e. ideal-viscous behavior.

For G′′/G′ = 1, the viscous and elastic behavior are exactly equal.
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Figure 5.4: Storage G′ and loss G′′ moduli for the different treatments of
bacterial cell lysate. G′ and G′′ are presented as a function of the angular frequency

ω. The amplitude γ̇A used is 5%.

Figure 5.5 shows the damping factor G′′/G′ at different lysate concentrations (50, 200,

250, 300 mg/ml) and different amplitudes (1, 5, 10, 30, 50%). From Figure 5.5, from top

to bottom, the damping factor increases as the amplitude γ̇A increases, i.e., it becomes

more apparent liquid-like. Meanwhile, from left to right, the damping factor becomes

smaller as the concentration increases, i.e., it becomes more apparent solid-like. This is

true for all amplitudes and cell lysate concentrations.

From our rheological results, it is clear that bacterial cell lysate has a non-Newtonian

behaviour, specially at the typical concentrations of cells (200-400 mg/ml). As a remark,

from the oscillatory tests, it seems that at least unmanipulated cell lysate has a solid-like

behaviour as the concentration increases. Consequently, Ficoll’s Newtonian behaviour

might not be the most suitable crowder to mimic real cellular environment.
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Figure 5.5: Oscillatory test of unmanipulated cell lysate at different con-
centrations. The horizontal black like at 1 is a reference to the eye for < 1 elastic-like

behaviour, and > 1 viscous-like behaviour.



Chapter 6

Diffusion NMR study of a model

polymer in bacterial cell lysate

crowders

We measured the diffusivity of PEG in three different lysate treatments: unmanipulated,

ultracentrifuged, and anion exchanged. We used the linear polymer PEG as a model

intrinsically disordered protein. The idea of the three different lysate treatments was to

explore into the non-specific interactions We used diffusion NMR to study the diffusivity

of PEG in the lysate crowders. We compared our PEG diffusivity results with PEG in

Ficoll as the crowder. Note: the PDI reported in the paper [1] was removed from table

6.1 in this manuscript because they were incorrect. They have no impact in the rest of

the results.

6.1 Cell lysate characterization

We first present the 1H (proton) NMR spectra of PEG in lysate crowders. The NMR

signal intensity of the PEG peak with lysate in Figure 6.1(a) shows a much larger

PEG peak at 3.6 ppm compared to lysate peaks found at similar frequencies. The

high intensity of the PEG signal compared to the lysate signals was an advantage when

measuring PEG translational diffusion using NMR. The difference between PEG and
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the lysate signal intensities remained even at higher concentrations of lysate (spectra

not shown).

We distinguish between three different lysate treatments. Unmanipulated lysate is

sheared-open E. coli bacteria, but otherwise not manipulated. Ultracentrifuged lysate

corresponds to the bacterial lysate after removing the biggest structures such as DNA

and lipids. The third treatment, anion exchange, partially depleted the lysate of neg-

atively charged macromolecules by anion exchange chromatography. Figures 6.1(b,c,d)

correspond respectively to 1D proton NMR spectra of unmanipulated, ultracentrifuged

and anion exchanged lysate without the probe molecule PEG. The spectrum of unmanip-

ulated lysate (Figures 6.1(b)) exhibits significant broadening, while there is no substan-

tial difference between the ultracentrifuged and anion exchanged treatments (Figures

6.1(c,d)), where the peaks are significantly narrower in comparison.

Figure 6.1: 1H NMR spectra for different treatments of cell lysate at 100
mg/ml. NMR spectra measured with WATERGATE water suppression. The PEG
peak is at 3.6 ppm and the main lysate peaks are between 4 and 0.5 ppm. (a) 30
mg/ml PEG mixed with unmanipulated lysate. The intensity of the PEG peak signal
is distinguishably greater than all the peaks corresponding to the different treatments
of lysate. The intensity signal decay to calculate the translational diffusion of PEG
was obtained from its peak at 3.6 ppm. (b) Unmanipulated lysate without PEG. (c)
Ultracentrifuged lysate without PEG. (d) Anion exchanged lysate without PEG. The
intensities in the spectra b,c, and d are not scaled with the intensity in a. Sodium

trimethylsilylpropanesulfonate (DSS) is used as chemical shift reference.
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Table 6.1: (Top row) The mean hydrodynamic radius RH.Int (weighted by intensity)
at 1 mg/ml for each cell lysate treatment. (Middle row) The number weighted hy-
drodynamic radius RH.num. (Bottom row) The average ζ potential and the width of
the ζ potential distribution DW, at 1 mg/ml for each cell lysate treatment. DW is
equal to the full width half maximum of the distribution. The number-weighted values
are significantly smaller than the intensity-weighted values, as seen in other particulate

suspensions [118].

Unmanipulated Ultracentrifuged Anion Exchanged

RH.Int (nm) RH.Int (nm) RH.Int (nm)

244± 14 34± 1 26± 1

RH.num (nm) RH.num (nm) RH.num (nm)

36± 8 4± 1 4± 1

ζ (mV ) DW (mV ) ζ (mV ) DW (mV ) ζ (mV ) DW (mV )

-21 31 -37 6 -39 6

To characterize the crowder, we measured diffusion coefficients of the lysate macro-

molecules in dilute solutions using dynamic light scattering (DLS) for each lysate treat-

ment. The diffusion coefficient D in dilute solution is converted to a hydrodynamic

radius, RH , using the Stokes-Einstein equation

D =
kBT

6πηRH
, (6.1)

where η is the solvent viscosity. These average hydrodynamic radii RH are shown in

Table 6.1 (top row). For unmanipulated lysate, the average hydrodynamic radius is

found to be 244 ± 14 nm. RH drastically decreases for ultracentrifuged (34 ± 1) nm

and anion exchanged lysate (26±1) nm when compared with the unmanipulated lysate.

As a reference, the estimated radius for E. coli bacteria is 0.5 µm. This dramatic

decrease is expected for both cell treatments given that the large components like lipid

structures and DNA are removed from the lysate. Meanwhile, there is only a small

difference between the RH of the ultracentrifuged and the anion exchanged lysates.

Anion exchange removed ∼ 27 % of the dried mass from the ultracentrifuged lysate,

which is consistent with depletion of negatively charged species, although it should be

noted that for the work presented below, all treatments of the lysate were adjusted to

the same concentrations.
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Figure 6.2: Zeta potential distributions for all treatments of cell lysate at
1 mg/ml. Each value was measured three times. While the distributions for anion
exchanged (bottom) and ultracentrifuged lysate (middle) are similar, and have a single
peak near -40 mV , the distribution for unmanipulated lysate (top) is multimodal and

broad.

We also performed the zeta potential experiments using a dip cell for all treatments of cell

lysate at 1 mg/ml. It is seen in Figure 6.2, and summarized in Table 6.1 (bottom), that

the width of the distribution (DW) for unmanipulated cell lysate is large, 31 mV , indeed

exceeding the magnitude of the average value of ∼ −20 mV . For both ultracentrifuged

and anion exchanged lysates, the average ζ ∼ −40 mV . The distribution is unimodal

in both cases, and the width is much smaller, 6 mV . The average charge for E. coli

bacteria proteins is negative [119].Note that although the uncertainty in the average

value of the zeta potential is small, the distribution of zeta potential values is much

larger, hence this is more useful to report. Based on the zeta potential distributions in
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Figure 6.2, ultracentrifuging the lysate seems to make the charge distribution narrower,

but its value is not significantly altered by anion exchange.

6.2 Diffusion coefficient of PEG in cell lysate

The decay of the NMR signal intensity of PEG was used to measure the translational

diffusion coefficient, which indicates how quickly PEG diffuses. To do so, the gradient

strength g was increased from 50 G/cm to 1000 G/cm in a PFG NMR double stimulated

echo sequence. The signal decay of PEG is presented as a function of the gradient

strength parameter k, as shown in Figure 6.3. The gradient strength parameter k =

(γδg)2(∆− δ/3) depends on the gyromagnetic ratio γ = γH = 2.657× 108 T−1s−1, the

duration of the field gradient pulse δ = 2 ms, and the time between two gradient pulses

∆ = 100 ms. For a single macromolecule species one expects

S(g) = S(0) exp(−kD) (6.2)

and so a plot of ln(S(g)/S(0)) vs k is linear with the slope yielding the diffusion coefficient

[27]. S0 is the initial signal without a gradient pulse. The concentration of PEG was

fixed at 30 mg/ml for all experiments. Meanwhile, the concentrations for each of the

three lysate crowder treatments were 50, 100, 150, 200, 250 and 300 mg/ml. This choice

of concentration for the crowder was guided, in part, by the fact that the estimated total

protein concentration in E. coli bacteria is ∼ 200 − 400 mg/ml [5, 13, 120, 121]. The

translational diffusion of PEG was also measured in the absence of crowders, i.e. PEG

in water, as a reference.

In Figure 6.3, we see that, for PEG in water (green diamond symbols), ln(Signal)

decreases linearly with k and can be fit with a single exponential. For PEG in lysate,

the signal attenuation is not mono-exponential, and was thus fit with a bi-exponential.

In this case, the bi-exponential equation represents two components for the diffusion of

PEG. The first component represents the fraction that diffuses faster, and the second

component is related to a slower diffusing component, as shown in the equation,

S(g)/S(0) = f exp(−Dfastk) + (1− f) exp(−Dslowk) (6.3)
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Figure 6.3: PEG in unmanipulated cell lysate crowder has two diffusion
coefficients. The logarithm of the attenuated signal decay versus the gradient strength
parameter (k) for 30 mg/ml PEG with different concentrations of unmanipulated cell
lysate CCL. Each signal intensity decay was fitted using a bi-exponential equation with
a fast and slow component diffusion coefficient. The inset shows an expanded view of
the curves at small k. The mono-exponential decay (linear dependence of ln(Signal)

as a function of k) of PEG in water is shown for comparison.

where f is the fraction representing the fast component, Dfast is the diffusion coefficient

of the fast component, and Dslow is the diffusion coefficient of the slow component. The

fast component is expected to be PEG diffusing as an isolated chain. On the other hand,

the slow component might be due to the aggregation of either PEG with itself or PEG

with components of the lysate crowder. To support our interpretation, we added Figure

C.3 and C.4 in our Appendix C. Figure C.3 corresponds to a smaller PEG concentration

than the used for all our experiments. From Figure C.3, we can notice that 3 mg/ml

PEG in distilled water diffusivity can be calculated from a mono-exponential. However,

this is not true for 30 mg/ml PEG in distilled water, where there are (minimally) two

diffusivity components. Meaning, that the slow component could exclusively correspond

to PEG aggregating with itself.

Figure 6.4 shows a summary of all the fast component diffusion coefficients for PEG at

different concentrations of lysate. All our PEG diffusivity values reported in Figure 6.4

are the result from an average over at least 4 repeated experiments with freshly prepared

samples. These 4 measurements were indeed taken at sequential time points, and no
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systematic variation in diffusivity was observed. The error bars represent the standard

error. In order to address reproducibility and variability of the diffusion coefficient results

in different batches of cell lysate, all results in Figure 6.4 are presented as averages of

measurements from 4 freshly prepared samples and the error bars represent the standard

error.

For unmanipulated cell lysate concentrations of 200 mg/ml and higher, there was some

sample separation (the top part of the sample was more transparent compared to the

bottom) observed when the NMR tube was removed at the end of the NMR experiment,

which could contribute to the large error bars on some of the data. The non-mono-

exponential signal attenuation of PEG, both in water and in lysates indicates PEG-

containing aggregates that are larger than the monomeric PEG. Thus, it is quite feasible

that the observed sample separation might also be due to the interaction of PEG with

the component of the lysate, resulting in protein precipitation [33].

At the lowest lysate concentration (25 mg/ml), we compare the unmanipulated cell

lysate (red bar) with Ficoll crowders (purple bars). At this concentration, the PEG

signal attenuation is mono-exponential in both cases, with DPEG being faster in the cell

lysate compared to in Ficoll. At a cell lysate concentration of 50 mg/ml, the average

fast diffusion value of PEG in unmanipulated lysate (red bars) seems to be larger than

in the presence of anion exchange treated lysate. However, for the concentrations of 100,

150, 200, 250 and 300 mg/ml, it seems that the removal of the larger macromolecules

in the crowder does not affect the diffusion coefficient of PEG significantly.

For PEG in unmanipulated cell lysate the diffusion coefficient (fast component) decreases

from 24× 10−12 to 17× 10−12 m2/s between 25 and 150 mg/ml. The fast component of

the diffusion coefficient of PEG decreases roughly 4-fold at the maximum lysate concen-

tration. On the other hand, the diffusion coefficient for PEG in the artificial spherical

crowder Ficoll decreases nearly twice as rapidly as the diffusion coefficient in cell lysate

to 6× 10−12 m2/s as the concentration approaches 150 mg/ml.

The purple asterisks in Figure 6.4 represent the Ficoll concentrations where it was not

possible to measure a diffusion coefficient due to phase separation. Solutions with 30

mg/ml PEG were stable up to 150 mg/ml Ficoll, while in the unmanipulated cell lysate,

the solution stability began to be affected at 200 mg/ml and above. These are indicated

by red asterisks. Since the slowest-diffusing aggregates of molecules are likely not seen
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in our NMR spectra, the observed diffusivity in these cases may be considered to be an

upper bound.

Figure 6.4: Self-diffusion of PEG in cell lysate: the fast component. The
average over 4 replicates for 30 mg/ml PEG in different concentrations and treatments
of cell lysate (unmanipulated, ultracentrifuged, and anion exchanged). PEG in water
and Ficoll70 data was obtained from [4]. The error bars come from the standard error
of multiple measurements. Asterisks indicate samples for which phase separation was

observed.

Figure 6.5 provides information about the slow component obtained from the same dif-

fusion measurements. Figure 6.5(a) shows the average fractions f of the sample that

is diffusing with the faster diffusion coefficient; (1 − f) is of course the fraction of the

slow component. The fraction f associated with the fast component of PEG diffusion

coefficient is ≈ 1 at low concentrations and decreases as a function of increasing lysate

crowder concentration for unmanipulated cell lysate (red triangles in Figure 6.5(a)).

This suggests that as concentration increases, PEG aggregates more, either with itself

or with lysate macromolecules. The same conclusion cannot be drawn from the ultra-

centrifuged or anion exchanged lysate as f does not change with lysate concentration.

For the ultracentrifuged and anion exchanged lysates, we see in Figure 6.5(a) that there

is effectively only one component. Figure 6.5(b) shows the diffusion coefficient, Dslow,

of the slow component for the unmanipulated cell lysate. Signal attenuations and Dslow

for ultracentrifuged and anion exchanged are shown in Appendix C. The mean value for

PEG diffusivity in lysate at 100 mg/ml and above is 0.4×10−12 m2/s, about 30-50 times

lower than DPEG,fast. If we associate the slow component with clusters of PEG, this

implies rather large clusters that are 30-50 times larger than the PEG molecule (which

has a radius of gyration Rg ∼ 5 nm). This estimate assumes that the Stokes-Einstein
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relation is valid, which is only expected for dilute solutions. However, the lack of a

significant concentration dependence of Dslow suggests this is a reasonable estimate.

Figure 6.5: Self-diffusion of PEG in cell lysate: fractions and the slow com-
ponent. (a) Average fraction corresponding to the fast diffusion coefficient component
as a function of the lysate concentration. The fraction for the unmanipulated lysate
shows that increasing the concentration of the crowder decreases the fraction of PEG
that diffuses quickly. (b) Average diffusion coefficient of the slow component of PEG.
(Blue squares) Fraction fast component for ultracentrifuged lysate. (Green circles)

Fraction fast component for anion exchanged lysate.



Chapter 7

Diffusion NMR study of an

intrinsically disordered protein in

bacterial cell lysate crowders

We measured the diffusivity of the intrinsically disordered protein αS in different cell

lysate crowder treatments at different concentrations. We used and HSQC-DOSY NMR

experiment to calculate the diffusivity of 15N labelled αS in cell lysate. The idea of the

experiments presented in this chapter is to have an insight on the non-specific interac-

tions (changes in size and charge of the crowder) effects on the IDP αS.

7.1 Spectra of α-synuclein

In the Materials and Methods chapter (section 4.2), we described the methods for the

purification of 15N-labelled αS. Next, we needed to make sure we have the right protein.

To do so, we performed a SDS-PAGE (Figure 7.1) experiment to confirm we have an

approximately 14 kDa protein. For our experiments, we used the pool corresponding

to protein after dialysis (rightmost vertical band in gel). We compared the protein

after dialysis band with the protein marker (leftmost vertical band in gel), on which

we observed that effectively we have a protein around 15 kDa, considering that the

molecular weight accuracy in a gel is around 10%. The middle bands (fusion protein

+EZCUT and protein before dialysis) are to compare with previous steps in the process
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Figure 7.1: SDS-PAGE gel for 15N-labelled αS. On the leftmost vertical band
are represented the molecular weight for the protein marker. The rightmost vertical
band corresponds to αS after dialysis. The two middle columns are a reference during

the steps of the protein purification process.

of protein purification. Since we confirmed our protein size, the next step was to use

NMR to measure the spectrum.

Our probe molecule is the intrinsically disordered protein, αS, whose concentration is

(2.08± 0.31) mg/ml (0.1 mM). The final concentration of αS was calculated from the

average between two measurements. First, the concentration was estimated using the

Lambert-Beer equation (A = εcl), where ε is molar extinction coefficient and a l = 1 cm

is the path length. For αS, ε = 5960 M−1cm−1. The absorbance (A) at 280 nm was

measured using a quartz 10.00 mm cuvette in a Genesys 10S UV-vis spectrophotometer.

The concentration was also estimated with a second measurement and the Lambert-Beer

equation, with the same values for ε and l. In the second measurement, the absorbance
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(A) at 280 nm was measured with the ThermoScientific Nanodrop 2000. The reported

concentration for αS used in this manuscript is the average from these two measurements.

We performed all experiments in the NMR 500 MHz at 25 ◦C and pH 7.0, unless stated

otherwise. We distinguish between three different lysate treatments: unmanipulated,

ultracentrifuged, and anion exchanged.

We first present the 1H (proton) NMR spectra of 15N-labelled intrinsically disordered

protein αS in pretreated lysate E. coli bacteria (Figure 7.2). The peak at 4.7 ppm

corresponds to water after water suppression by WATERGATE. The spectra in Figure

7.2 is for αS in unmanipulated cell lysate (top), ultracentrifuged (middle), and anion

exchanged (bottom). αS in the lysate treatments was measured right after mixing both

the protein and the lysate crowder, as well as 20 hours after mixing. From the spectra

we can noticed that in general the peaks do not shift or appear new peaks. We do not

show the spectra for 15N αS without crowder because it is easier to do comparison with

the protein in crowder using HSQC spectra.

Our region of interest is between 10 ppm and 6 ppm, since it is used for 15N diffusion

experiments. This region is shown in Figure 7.3. From the spectra, we can notice that

there are no significant changes between αS in ultracentrifuged and anion exchanged cell

lysate. However, the peaks seems broad when the protein is mixed with unmanipulated

lysate. From our lysate characterization in chapter 6, we learned that there are no

significant differences between ultracentrifuged and anion exchanged lysate, so this is

consistent with our previous observations.

15N-1H HSQC spectra of 15N αS are shown in Figure 7.4. Figure 7.4(a) corresponds to

15N αS in aqueous solution (dialysed TEV washing buffer described in chapter 4 with

10% D2O). We compared our HSQC spectrum with the one reported by Alderson and

Markley [122] for αS. The clustered peaks around 8 in the 1H channel correspond to a

disordered protein, a folded protein has spread-out peaks. The two peaks between 6.8

ppm and 7.8 ppm (1H channel) and 112 (15N channel) correspond to the residue side

chain [122]. Figures 7.4(b,c,d) show 15N αS in 100 mg/ml lysate treatments (unmna-

nipulated (b), ultracentrifuged (c), and anion exchanged lysate (d)). We notice there

are no changes in big peaks, new peaks do not appear or disappear, and there is no ppm

shift in any of the major peaks. The experiments were not repeated with another newly

prepared protein, since the process of protein purification took a long time. Only the
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Figure 7.2: 1H NMR spectra of 15N αS in cell lysate freshly mixed and 20
hours after mixing at 25 ◦C. NMR spectra measured with WATERGATE water
suppression with a TXI probe and 500 MHz. The concentration of cell lysate crowder
is 100 mg/ml. αS concentration is (2.08± 0.31) mg/ml (0.1 mM) and pH 7.0. RG is

the receiver gain used in the experiment.
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Figure 7.3: Region 10-6 ppm in 1H NMR spectra of 15N αS at 25 ◦C. αS is
presented in different treatments of cell lysate freshly mixed and 20 hours after mixing.

Region view is maximized from the spectra in Figure 7.2
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peaks with 15N-1H coupling are visible in the spectra. An interesting observation for αS

in E. coli lysate crowder is that the protein seems to preserve the disordered structure.

This result is in agreement with McNulty and coworkers [123], where they found αS

keeps the unfolded structure in the presence of E. coli crowder. McNulty’experiments

were performed at 35 ◦C with 15N-labelled αS within in vivo E. coli.

Since our diffusion experiments have a duration of approximately 10 hours, we decided

to look for possible changes in the structure due to age. To do so, we compared HSQC

spectra for our protein αS in lysate crowders before and after 20 hours from preparing

the sample. Figure 7.5 compares the HSQC spectra for freshly mixed protein-crowder

(red) and the spectra obtained after 20 hours of mixing (green) lysate. In figure 7.5, we

compared αS spectra mixed with unmanipulated (a), ultracentrifuged (b), and ultracen-

trifuged with anion exchanged (c) lysate at 100 mg/ml. In contrast with the 1D spectra

from Figure 7.3, where one mostly observes the lysate peaks, there are no significant

changes on the HSQC spectra after 20 hours of experiments.

From the HSQC experiments, it seems there are not significant spectral changes or major

ppm shifts in the protein peaks with freshly mixed αS with lysate and after 20 hours from

mixing. This observation is useful considering that the HSQC-DOSY experimentation

have an approximate duration of 10 hours per sample.
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Figure 7.4: 15N-1H HSQC spectra of αS at 25 ◦C in (a) aqueous solution (no
crowder, this data was measured in 500 MHz and the experiment was prepared and
run by Sina Heravi), (b) unmanipulated, (c) ultracentrifuged, and (d) anion exchanged
cell lysate. All lysate concentration is 100 mg/ml. The samples with crowders were

measured in the 500 MHz NMR around 30 minutes after it was mixed.
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Figure 7.5: 15N-1H HSQC spectra of αS in cell lysate freshly mixed and 20
hours after. (a) unmanipulated, (b) ultracentrifuged, and (c) anion exchanged cell

lysate. All lysate concentration is 100 mg/ml.
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7.2 Diffusion of α-synuclein in cell lysate

Using SDS-PAGE and NMR, we were able to check and compared with the literature

that we effectively have the intrinsically disordered protein αS. Our next step was to

determine a region of integration withing 10-6 ppm. All self-diffusivity measurements

of 15N αS were done in NMR 500 MHz using a HSQC-DOSY experiment (Figure 3.11

described in chapter 3).

Figure 7.6 shows 10 1D spectra obtained from a quasi-2D HSQC-DOSY experiment,

where each spectrum is obtained at different pulsed field gradient strengths (increasing

from bottom 1% to top 90%). Figure 7.6(a) corresponds to αS in aqueous solution, and

Figure 7.6(b) is αS in 100 mg/ml unmanipulared cell lysate. From Figure 7.6, we notice

that the decay is faster for αS in aqueous solution (a) compared to αS in 100 mg/ml

unmanipulated lysate (b).

The peaks between 9.5 and 8.9 ppm correspond to 15N GB-1 protein from the fusion

protein. Since the GB-1 region is not shown in our HSQC spectra (Figure 7.4(a)), we

do not consider any peaks beyond 8.9 ppm. In the presence of crowders, the GB-1 peak

is not seen, which might be because it binds with the lysate crowder and therefore is

invisible to the instrument. The peaks between 8.9 and 7.1 ppm most likely correspond

to the aromatic amino acids (phenylalanine, tryptophan, and tyrosine), for both samples

with and without crowders. Considering our HSQC spectra for 15N αS, our region of

integration should be between 8.7 and 7 ppm. However, the region of integration changes

slightly when the lysate is mixed with our protein. From Figure 7.4(b), the region of

integration should be between 6.5 ppm to 9 ppm. The reason is since we are integrating

by area, we need to choose two extremes with well defined baseline.

With the region of integration determined, we needed to measure the diffusivity of

a well known molecule, formamide, to calibrate our measurements. 15N formamide

was suspended in dimethyl sulfoxide (DMSO-d6). To compare the effectiveness of the

HSQC-DOSY pulse program, we measured as well the diffusivity of our molecule using

DOSY experiment described in chapter 3.1 Figure 3.8. An important remark is that

the shape of the gradient for the DOSY experiment is sinusoidal (SINE.100), which

means that the maximum gradient 100% corresponds to 33.71 G/cm. However, the

gradient in the HSQC-DOSY pulse programs has a smooth square shape, which makes
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Figure 7.6: Signal decay for 15N αS, (a) in aqueous solution, and (b) at 100 mg/ml
of unmanipulated lysate. αS in aqueous solution data was measured in 500 MHz and

the experiment was prepared and run by Sina Heravi.

the maximum gradient 100% equal to 48.15 G/cm. The shape of the pulses must be

taken into consideration when calculating k values.

Table 7.1 shows the results from our measurements for formamide. We measured the

diffusivity with both, 500 and 600 MHz NMR. Our results were mostly consistent

between all measurements.

Our next step was to measure diffusivity of αS without crowder and with lysate crowders.

Figure 7.7 shows the signal attenuation of 15N αS between the region 9 ppm and 6.5

ppm in unmanipulated (a), ultracentrifuged (b), and anion exchanged lysate (c) as a

function of the gradient strength parameter k. In each graph, the signal attenuation
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Table 7.1: Summarized diffusion values using a mono-exponential fit for the
signal decays of formamide. Experiment were prepared and run in collaboration

with Sina Heravi. Error bars represent standard deviation in the fit.

Region [ppm]/ NMR Field DOSY HSQC-DOSY

Formamide
7.7-6.8/ 500 MHz (5.99± 0.04)10−10 (6.15± 0.06)10−10

600 MHz (5.13± 0.01)10−10 (4.91± 0.28)10−10

Table 7.2: Summarized diffusion values of 15N αS in cell lysate crowders.
Each D value was obtained from the Stejskal-Tanner equation. The experiments were
performed in 500 MHz NMR. The row on the left corresponds to the lysate crowder

concentrations CCL. Error bars represent standard deviation in the fit.

CCL mg/ml Unmanipulated Ultracentrifuged Anion exchanged

DαS.unm × 10−10 m2/s DαS.ult × 10−10 m2/s DαS.ani × 10−10 m2/s

0 1.67± 0.04 1.67± 0.04 1.67± 0.04

50 1.06± 0.03 1.49± 0.03 1.13± 0.04

75 0.89± 0.05 1.12± 0.04 1.06± 0.06

100 0.82± 0.03 0.82± 0.03 0.89± 0.05

for αS in aqueous solution is shown for comparison. The decays were fitted using the

Stejskal-Tanner equation ln(S(k)) = ln(S(0))−Dk (Equation 3.12, mono-exponential),

where the slope corresponds to the self-diffusivity D. From the fitting for 15N αS in

no crowder, we obtained a diffusivity value (1.67 ± 0.04) × 10−10 m2/s. Using Stokes-

Einstein equation 2.5, with η = 0.89 Pa · s for water at 25 ◦C, we can estimate that

the hydrodynamic radius of αS is (1.47± 0.06)nm. The hydrodynamic radius of αS has

been reported to be approximetly 4 nm by Li, Uversky and Fink [124].

The resulting slopes from the mono-exponential fitting are represented in the bar graphs

in Figure 7.8. As a first observation, there is a steady decrease in diffusivity when the

concentration of the lysate crowder increases. Table 7.2 lists all the diffusion values

for 15N αS in lysate crowders. In table 7.2, the % uncertainties are roughly 3 or 6%.

However, only a single replicate has been done, and it is quite possible that sample-

to-sample variations are much bigger than the intrinsic fitting errors reported in the

table.

We now compare our results for the intrinsically disordered protein αS with the non-

ionic polymer (PEG) studied in chapter 6. Table 7.3 has summarized all the relative
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Figure 7.7: Signal attenuations of 15N αS in lysate crowder using 500 MHz
at 25 ◦C. Logarithmic scale of the attenuated signal decay versus the gradient strength
parameter (k) for alphaS with different concentrations of (a) unmanipulated, (b) ul-
tracentrifuged, and (c) anion exchanged cell lysate. The curve fits were done using the
Stejskal-Tanner equation 3.12. αS in aqueous solution data was measured in 500 MHz

and the experiment was prepared and run by Sina Heravi.
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Figure 7.8: Self-diffusion coefficient of αS in cell lysate at 25 ◦C. For each
15N αS, we used 2560 scans (NS in NMR) to improve the resolution of the signal. This

data is listed in table 7.2. Error bars represent standard deviation in the fit.

Table 7.3: Summarized relative diffusion values of 15N αS and PEG in cell
lysate crowders.

Relative diffusion 50 mg/ml 100 mg/ml

Unmanipulated (αS) 0.635 0.491

Unmanipulated (PEG) 0.853 0.386

Ultracentrifuged (αS) 0.892 0.491

Ultracentrifuged (PEG) 0.726 0.664

Anion exchanged (αS) 0.677 0.533

Anion exchanged (PEG) 0.657 0.671

diffusion values for our protein and PEG at the concentrations of 50 and 100 mg/ml.

Figure 7.9 shows the relative diffusivity for αS and PEG. The PEG diffusivity are taken

from chapter 6. For each test molecule (αS and PEG) in the different lysate treatments,

there is a steady decrease. However, whereas in PEG the diffusion in ultracentrifuged

and anion exchanged lysates looks very similar, this is not the case in αS. As a remark,

we only have a single replicate for our disordered protein studies, so this unusual result

indicates that multiple replicates might be required.
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Figure 7.9: Relative diffusion coefficient of αS and PEG in cell lysate at 25
◦C at two concentrations. Left graph corresponds to the relative diffusion of αS
in lysate crowders. Right graph corresponds to the relative diffusion of PEG in lysate

crowders.



Chapter 8

Conclusions and future directions

A controllable way to mimic a realistic cellular environment is using bacteria cell lysate.

In this thesis, we have examined the nature of the realistic cellular environment (with

rheology) and molecules (polymers and proteins) being transported by diffusion in cell

lysate. Insights into macromolecular motions in realistic cell-like environments is very

relevant for the effective delivery of drug molecules inside the body.

We measured, via NMR, the translational self-diffusion coefficient of PEG in different

treatments of cell lysate: unmanipulated; ultracentrifuged; and anion exchanged (after

ultracentrifugation). We also measured the rheological properties of the cell lysate, fo-

cusing on the concentration dependence of the unmanipulated cell lysate. First, it should

be noted that there was no noticeable quantitative difference between the surface charge

characteristics of ultracentrifuged and ultracentrifuged-plus-anion-exchanged pretreated

cell lysates. Electrophoretic mobility measurements yield the same value of average

(negative) charge with zeta potential ζ close to −40 mV , and a rather similar (roughly

unimodal) distribution of ζ. The unmanipulated cell lysate, on the other hand has an

average negative charge with ζ = −20 mV , but with a much wider distribution of ζ

values. Surprisingly, we found that the zeta potential results were more negative for

ultracentrifuged compared to unmanipulated lysate. The reason for this is unclear.

As a contribution to the field of macromolecular crowding, this is the first research

in literature to examine the non-Newtonian characteristics of cell lysate as a crowder

at different concentrations and compare it to the artificial Newtonian crowder Ficoll.

Furthermore, the diffusivity of PEG in the different treatments of cell lysate gives an

79



Diffusion NMR of α-synuclein 80

insight into the contribution of the non-specific interactions when compared with PEG’s

diffusivity in Ficoll. Moreover, the different treatments of cell lysate seem to have

no effect in the diffusivity of αS, however, repetitions on the experiments and proper

comparison with αS in Ficoll must be done.

8.1 Rheological characteristics of bacterial cell lysate

Unmanipulated bacterial cell lysate crowder is distinctly shear-thinning in the crowding

limit. We used the Herschel-Bulkley model to quantify the degree of shear-thinning for

the unmanipulated lysate as we increase the lysate concentration. Unmanipulated cell

lysate showed a decrease of the HB exponent n from 1 to 0, as the concentration of

lysate increases. The HB exponent is 1 for a Newtonian solution like Ficoll. A possible

explanation for this result would relate to the nature of cell lysate and Ficoll, i.e. macro-

molecules in cell lysate are prone to entanglement as opposed to the artificial compact

Ficoll molecules, whose structure has been recently studied in depth by Ranganathan

et al [125]. Non-Newtonian cytoplasm of intact cells has been previously inferred via

intracellular measurements (Puchkov et al. and Śmigiel et al) where diffusion has been

found to be location dependent [126, 127]. In addition, our rheological data shows that

a higher “yield” stress is required to induce flow as the concentration of lysate increases.

So far, we have examined the non-Newtonian rheology of cell lysate, and the quiescent

diffusivity of a test macromolecule in cell lysate. However, this study suggests an in-

triguing possibility: the shear-thinning nature of cell lysate implies that active swimmers

experiencing a high local shear rate would experience a ‘thinner’ medium than Brownian

diffusers [128–130]. This will be a subject of future study. It is, however, interesting

that the non-associating fraction (the “fast” component) of the PEG is not affected

much by the concentration-dependent increase in this non-Newtonian character. As a

note, PEG and αS diffusivity values were not affected by the batch-to-batch variation

of lysate treatments.

As a point, PEG has been used in many studies [52, 131, 132] as an inert polymeric

crowder. However, the strong association of PEG with components of cell lysate indicates

that PEG is not an appropriate excluded-volume crowder and should be strictly avoided

in use as a crowding agent. This is also in strong agreement with the finding of Crowley et
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al [133]. But more importantly, most artificial excluded-volume crowders miss multiple

important characteristics that biologically relevant crowders embody: a wide distribution

of macromolecular size and charge, and a non-Newtonian rheological response that is

consistent with some form of network-like structure much larger than the size of proteins.

As a remark, the rheological results presented in this thesis are the first in literature

where the role of the non-Newtonian character of the crowding environment is examined.

This is important because it is likely relevant to crowding living.

8.2 Diffusion coefficient of PEG in cell lysate

Our NMR data shows two diffusion components for PEG in unmanipulated cell lysate.

The fast diffusion component corresponds to PEG as a single polymer chain. Meanwhile,

the slow diffusion component might be the result of PEG binding either with itself or

with macromolecules in the cell lysate. In light of the indications from rheology that the

unmanipulated cell lysate may contain network-like structures that give rise to an elastic

component to the response, the low value of DPEG,slow (DPEG,fast/DPEG,slow ≥ 30)

suggests that PEG might be interacting with these network-like structures in the lysate,

or with large biomolecules.

In addition, there is a dependence of the diffusion coefficient of PEG on the concentration

of the crowder. When the concentration of lysate increases, PEG diffuses slower; this is

true for unmanipulated, ultracentrifuged and anion exchanged bacterial cell lysate. As

we approach 150 mg/ml, PEG diffuses almost twice as fast in cell lysate as in Ficoll.

Even though Ficoll has a significantly lower apparent viscosity than lysate, it seems it

has a larger effect on PEG diffusivity than the lysate crowders. A possible explanation

for this might be due to excluded volume effects. PEG and Ficoll have an estimated

hydrodynamic radius of 5 nm. Meanwhile, cell lysate has different macromolecules at

different sizes. This means that the PEG probe molecule encounters more obstacles

around its own size when Ficoll is used as the crowder. On the other hand, for a

given concentration of lysate, there are not big differences between the fast component

of diffusion coefficients of PEG at the individual concentrations for the pretreatment

lysates. However, in the unmanipulated lysate, up to 10% of the PEG is associated in

a larger aggregate.
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Overall, our measurements with E. coli lysate crowders show a decrease for the fast

diffusion coefficient component of roughly 4-fold when the concentration is increased

from 0 to 300 mg/ml. This result is consistent with the diffusivity of probe molecules

in eukaryotic cytoplasm, 4-fold slower compared to no crowder. However, it is a weaker

dependence than the 11-fold slower diffusivity in E. coli cytoplasm reported by Ellis [7].

Palit and coworkers [4, 70] showed that the diffusivity of a test molecule slows down

more when the test molecules are larger than the crowder, which indicates that the

relative size of the probe molecule to that of the crowder molecules should be relevant.

Simulations have examined the effect of mixed macromolecular crowders on protein

folding and misfolding [52, 134], but similar studies on the effects on diffusion would be

welcome.

The modest dependence of the diffusion coefficient on the lysate treatment suggests

that the smaller macromolecules in the lysate (RH ≈ 4 nm), which are not removed

by centrifugation, contribute more strongly to the slowing down of PEG. Since the RH

of PEG is ≈ 5 nm, this might suggest the slowing down is more pronounced when the

crowder size and probe size are comparable. Another remark from our diffusion data

is that PEG at 30 mg/ml in unmanipulated cell lysate is stable up to 200 mg/ml, and

the ultracentrifuged and anion exchanged lysates are stable to 300 mg/ml, i.e. it is

not phase separated right after mixing. Meanwhile, the Ficoll-PEG solution is phase

separated beyond 150 mg/ml.

8.3 Diffusion coefficient of αS in cell lysate

As a first study for the intrinsically disordered protein αS (our test molecule), we mea-

sured HSQC spectra for αS freshly mixed with the lysate crowder and after 20 hours

from mixing. Our HSQC data for αS shows no significant changes in the αS peaks.

Next, we used a HSQC-DOSY NMR experiment to measured the diffusivity of 15N

αS. However, we needed to check carefully that the diffusion coefficient were reason-

able. To do so, we calibrated our experiments with a well known molecule: 15N-labelled

formamide. We compared the diffusivity values of formamide using two kind of ex-

periments: DOSY and HSQC-DOSY. From both experiments, the diffusivity values of

formamide were consistent.
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After the calibration process, we carried out diffusivity studies of 15N αS in three treat-

ments of lysate crowders: unmanipulated, ultracentrifuged, and anion exchanged. The

experiments were performed at a constant protein concentration but changing the lysate

crowder concentration: 50, 75, and 100 mg/ml.

We compared our diffusivity results for αS with the non-ionic polymer (PEG). For each

diffusivity value, there is a steady decrease as lysate concentration increases. For PEG

diffusivity in ultracentrifuged and anion exchanged lysates, the behaviour looks very

similar. However, that is not the case in αS. We want to remark that αS diffusivity

experiments were done with a single replicate, so this unusual result indicates that

multiple replicates might be required.

From the PEG study, it appeared that there was not much difference between ultra-

centrifuged and anion exchanged lysates. If that is indeed the case also in αS, one

could treat the difference between ultracentrifuged and anion exchanged to reflect the

sample-to-sample variation. This would also indicate that one would need, in future

work, multiple replicate experiments of each lysate preparation.

8.4 Future directions

In this thesis, we have examined diffusion in a realistic crowding environment in compar-

ison with the artificial crowder Ficoll. We have also examined diffusion of an intrinsically

disordered protein, in comparison with a linear chain polymer, PEG, in realistic crowding

environments.

However, there are still questions to explore regarding diffusivity in realistic crowders.

As future directions, αS diffusivity could be measured at different concentrations, as well

as different temperature. We could test αS hydrodynamic radius with realistic crowders.

The diffusivity of αS should be studied and compared with artifical crowders, charged

and uncharged, to evaluate the soft interaction effects using a bottom-up approach.

The study done in this thesis uses only different treatments of bacteria E. coli as the

crowder. According to Schavemaker and Poolman [36], the diffusion of fluorescent pro-

teins in the cytoplasm of the gram positive Lactococcus lactis bacteria and the Haloferax

volcanii archaeon depends greatly on the net charge of the protein surface. Therefore,
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the study should be expanded with different kinds of cells like the gram-positive bacteria

bacillus subtilis and mammalian cells.

For the field as a whole, if artificial crowders are to be used, one should take into

consideration both the effect of soft non-specific interactions and the non-Newtonian

character of realistic crowding environments.
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Appendix A

A.1 Unmanipulated cell lysate diffusion values

Table A.1 shows the diffusion values for 0.03 g/ml PEG, using as a crowder unma-

nipulated cell lysate at different concentrations (CCL). Each diffusion coefficient was

calculated with a bi-exponential fit.

The average diffusion coefficient for PEG is shown in table A.2. While there is not a

clear trend with the slow component, the faster self diffusion values for PEG decreases

with increasing the concentration of the crowders.
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Table A.1: Fast (Dfast m
2/s) and slow (Dslow m2/s) component self diffusion values

for 0.03 g/ml PEG in unmanipulated cell lysate at different concentrations (CCL). Data
was obtained using diffusion NMR.

CCL f Dfast × 10−11 Dslow × 10−13 Gradient (G/cm) Folder

50 mg/ml 0.9702 2.14 6.13 50-1000 50LysTreatms
0.9685 2.13 5.92 50-1000 (Sep 4,2019)

100 mg/ml 0.9639 2.10 11.1 50-400 LysFeb25,2019
0.9702 1.70 3.45 50-1000 LysFeb27,2019
0.9610 1.71 3.70 50-1000 LysMar2119
0.9618 1.70 3.87 50-1000 LysMar2119

150 mg/ml 0.9431 1.96 12.1 50-400 LysFeb25,2019
0.9516 1.86 4.24 50-1000 LysFeb27,2019
0.9436 1.40 3.50 50-1000 LysMar2119
0.9407 1.45 3.44 50-1000 LysMar2119

200 mg/ml 0.9336 1.47 15.2 50-300 LypOct09 (2018)
0.9076 1.45 11.9 50-400 LysFeb26,2019
0.9337 1.32 3.91 50-1000 LysMar01,2019
0.9219 1.01 3.26 50-1000 LysMar2519
0.9212 1.04 3.18 50-1000 LysMar2519

250 mg/ml 0.9259 1.18 3.95 50-1000 LysMar01,2019
0.9013 0.77 3.16 50-1000 LysMar2519
0.9032 0.79 3.09 50-1000 LysMar2519

300 mg/ml 0.8959 0.81 3.47 50-1000 LysMar2519
0.8983 0.85 3.50 50-1000 LysMar2519
0.8965 0.88 3.60 50-1000 LysMar2519

Table A.2: Average fast and slow component self diffusion values for 0.03 g/ml of
PEG in unmanipulated cell lysate at different concentrations (CCL).

CCL < Dfast > ×10−11 m2/s < Dslow > ×10−13 m2/s

50 mg/ml 2.13 6.02

100 mg/ml 1.80 3.67

150 mg/ml 1.67 3.73

200 mg/ml 1.26 3.45

250 mg/ml 0.92 3.40

300 mg/ml 0.85 3.52

A.2 Ultracentrifuged cell lysate diffusion values

All experiments performed in diffusion NMR for PEG using lysate crowder treated by

ultracentrifuged are displayed in table A.3. Each diffusion value was obtained from the

fitting of bi-exponential equation. The fraction (f) represents the contribution of the
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fast component in the bi-exponential fitting and are close to 1, which is an indicator

that the graph can be fitted using the Stejskal-Tanner equation.

Table A.3: Fast (Dfast m
2/s) and slow (Dslow m2/s) component self diffusion values

for 0.03 g/ml PEG in ultracentrifuged cell lysate at different concentrations (CCL).
Data was obtained using diff NMR.

CCL f Dfast × 10−11 Dslow × 10−13 Gradient (G/cm) Folder

50 mg/ml 0.9997 2.07 5.64 50-1000 50LysTreatms
0.9995 2.00 10.8 50-1000 50LysTreatms

100 mg/ml 0.9989 1.66 8.72 50-1000 LysMar2819
0.9986 1.67 8.66 50-1000 LysMar2819
0.9998 2.06 0.62 50-1000 UltraLyPEG
0.9996 2.05 8.33 50-1000 UltraLyPEG

150 mg/ml 0.9995 1.60 4.24 50-1000 LysMar2819
0.9994 1.55 2.80 50-1000 LysMar2819
0.9993 1.78 3.04 50-1000 UltraLyPEG
0.9985 1.82 4.96 50-1000 UltraLyPEG

200 mg/ml 0.9979 1.33 8.18 50-1000 LysMar2819
0.9863 1.71 40.1 50-1000 LysMar2819
0.9880 1.67 44.4 50-1000 LysMar2819
0.9992 1.39 6.08 50-1000 UltraLyPEG

250 mg/ml 0.9994 1.21 2.40 50-1000 UltraLyPEG
0.9999 1.49 8.07 50-1000 UltraLys2
0.9985 1.06 6.54 50-1000 UltraLys2

300 mg/ml 0.9969 0.82 8.23 50-1000 UltraLyPEG
0.9933 0.64 2.46 50-1000 UltraLys2
0.9918 0.65 2.92 50-1000 UltraLys2

Table A.4 displays the average self diffusion values for the fast and slow components of

PEG in ultracentrifuged cell lysate.

Table A.4: Average fast and slow component self diffusion values for 0.03 g/ml of
PEG in ultracentrifuge cell lysate at different concentrations (CCL).

CCL < Dfast > ×10−11 m2/s < Dslow > ×10−13 m2/s

50 mg/ml 2.03 8.21

100 mg/ml 1.86 8.57

150 mg/ml 1.69 3.76

200 mg/ml 1.52 0.25

250 mg/ml 1.25 5.67

300 mg/ml 0.70 0.29
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A.3 Anion exchanged cell lysate diffusion values

All the fast and slow components of the self diffusion coefficient for PEG using as a

crowder anion exchange cell lysate are shown in the table A.3. All the diffusion values

were obtained from a bi-exponential fitting. The average values for the diffusion of PEG

are in table A.6.

Table A.5: Fast (Dfast m
2/s) and slow (Dslow m2/s) component self diffusion values

for 0.03 g/ml of PEG in anion exchange cell lysate at different concentrations (CCL).
Data was obtained using diff NMR.

CCL f Dfast × 10−11 Dslow × 10−13 Gradient (G/cm) Folder

50 mg/ml 0.9988 1.82 8.87 50-1000 50LysTreatms
0.9983 1.86 1.06 50-1000 50LysTreatms

100 mg/ml 0.9983 1.87 9.18 50-1000 AnioExcpH7
0.9986 1.89 9.04 50-1000 AnioExcpH7

150 mg/ml 0.9959 1.46 9.63 50-1000 AnioExcpH7
0.9959 1.50 9.65 50-1000 AnioExcpH7

200 mg/ml 0.9987 1.24 6.69 50-1000 AnioExcpH7
0.9971 1.34 7.02 50-1000 AnioExcpH7

250 mg/ml 0.9982 1.07 3.99 50-1000 AnioExcpH7
0.9979 1.08 2.22 50-1000 AnioExcpH7

300 mg/ml 0.9949 0.96 7.24 50-1000 AnioExcpH7
0.9935 0.89 6.96 50-1000 AnioExcpH7

Table A.6: Average fast and slow component self diffusion values for 0.03 g/ml of
PEG in anion exchange cell lysate at different concentrations (CCL).

CCL < Dfast > ×10−11 m2/s < Dslow > ×10−13 m2/s

50 mg/ml 1.84 9.72

100 mg/ml 1.88 9.11

150 mg/ml 1.48 9.64

200 mg/ml 1.29 6.86

250 mg/ml 1.08 3.11

300 mg/ml 0.92 7.10
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Appendix B

B.1 Calculation of macromolecule radii removed in ultra-

centrifugation

From Stokes’ Law, we know that the drag force F is

F = 6πηRHvt, (B.1)

where RH is the hydrodynamic radius, vt is the velocity of the macromolecule, and

viscosity η = 0.001 Pa · s. Combining Stoke’s law with Newton’s law, we can obtain for

vt

vt =
ma

6πη

1

RH
. (B.2)

The mass can be obtained assuming an spherical macromolecule with volume V =

4
3π∆ρR3

H , where ∆ρ is its density (approximately 1.4 g/m3 for proteins [112]). In this

case, the acceleration corresponds to the ultracentrifuge acceleration equal to 100,000 g.

So, the velocity of the macromolecule is

vt =
4
3π∆ρ105g

6πη
R2
H . (B.3)

89



Appendix B 90

Considering a 5 cm long sample size centrifuged tube and 2400 seconds the dura-

tion of ultracentrifugation, we can estimate the velocity of the macromolecules by

vt = length/time = 2.08 × 10−5 m/s. Replacing all this parameters, we can calcu-

late from equation B.3

RH =

√
vt6πη

4
3π∆ρ105g

. (B.4)

From this calculation, it is estimated that macromolecules with a hydrodynamic radius

around 10 nm and larger should be removed by ultracentrifugation.
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C.1 Supporting material for Chapter 6

We want to clarify that we do not separate the cytoplasm from the cell membrane for

our unmanipulated lysate crowders. In our lysate preparation, we use the pellet that

contains most of the cell material, however some of the smaller macromolecules, like

some proteins, are discarded with the supernatant.

In order to estimate the protein concentration in our lysate crowders we performed

a Bradford assay experiment of unmanipulated, ultracentrifuged and anion exchanged

lysate. As a standard curve, we use the protein BSA. From our results we estimated that

the weight fraction of protein in unmanipulated lysate is 39 ± 6 %, in ultracentrifuged

is 33 ± 5 %, and in anion exchanged is 59 ± 9 %. This fraction is small; however, the

Bradford assay is not the most accurate technique for our kind of sample, due to the

variety of proteins on it.

The Bradford assay Coomassie Brilliant Blue G-250 dye binds mainly to the basic amino

acids residues, like arginine (specially arginine), lysine, and histidine, as well as, binds to

the aromatic amino acids residues, like phenylalanine, tyrosine, tryptophan and histidine

[135]. Considering that Shemesh and coworkers reported that the most abundant amino

acids in E. coli are methionine followed by lysine [136], the fraction reported from the

Bradford assay should be treated as a lower bound.

91



Appendix C 92

A better technique to estimate protein concentration in our lysate sample would be a

modified Lowry Protein Assay (as carried out by Sarkar 2013 [137]), since it depends on

the interaction of the proteins with Cooper and Folin reagent. This will be done in the

future.

Figure C.1: PEG in ultracentrifuged cell lysate crowder has two diffusion
coefficients. The logarithm of the attenuated signal decay versus the gradient strength
parameter (k) for 30 mg/ml PEG with different concentrations of ultracentrifuged cell
lysate CCL. Each signal intensity decay was fitted using a bi-exponential equation with
a fast and slow diffusion coefficient components (Left Figure). Average slow diffusion

component (Right Figure)

Figure C.2: PEG in anion exchanged cell lysate crowder has two diffusion
coefficients. The logarithm of the attenuated signal decay versus the gradient strength
parameter (k) for 30 mg/ml PEG with different concentrations of anion exchanged cell
lysate CCL. Each signal intensity decay was fitted using a bi-exponential equation with
a fast and slow component diffusion coefficient (Left Figure). Average slow diffusion

component (Right Figure).
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Figure C.3: 3 mg/ml PEG in distilled water has one diffusion coefficient.
The logarithm of the attenuated signal decay versus the gradient strength parameter

(k). The signal intensity decay was fitted using a mono-exponential equation.

Figure C.4: 30 mg/ml PEG in distilled water has two diffusion coefficients.
The logarithm of the attenuated signal decay versus the gradient strength parameter
(k). The signal intensity decay was fitted using a bi-exponential equation with a fast

and slow component diffusion coefficient.
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Permissions

Figure 2.2 is available under Creative Commons.
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