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Abstract

Effects of macromolecular crowding on DNA structure and protein-mediated DNA
looping. hKIF4a compaction of DNA

By Dylan James Collette

The cellular environment is highly crowded, but many laboratory measurements are
conducted in dilute buffer. In order to begin to bridge the gap between in vitro
and in vivo measurements, macromolecular crowders are often included in in vitro
experiments. An extensive survey of the literature indicated that experiments with
biologically relevant crowders, experiments with mixtures of variously sized crowders,
and experiments elucidating information on the interplay between macromolecular
crowding and liquid-liquid phase separation within the cell all require further work.
Tethered particle motion experiments were designed to directly investigate the effects
of macromolecular crowding on protein-mediated looping in DNA. Macromolecular
crowding caused DNA to preferentially adopt the parallel loop conformation over the
anti-parallel loop conformation. Another set of tethered particle motion experiments
were performed to characterize the compaction of DNA by the protein hKIF4a, a
chromokinesin. hKIF4a required ATP to compact DNA, although a truncated form of
hKIF4a lacking the ATPase domain, compacted DNA better than wild-type hKIF4a
in the presence of AMP-PNP, an non-hydrolyzable ATP analogue.
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Chapter 1

Introduction

In this dissertation I will discuss my research on the effects of macromolecular crowd-

ing on DNA structure and protein-mediated DNA looping. I will also be discussing

my tethered particle motion experiments investigating hKIF4a compaction of DNA.

This dissertation will begin with a broad review on the effects of macromolecular

crowding on DNA structure, where I will identify gaps in the research that I pro-

vide motivation to investigate. While the cellular environment is highly crowded,

most laboratory measurements are conducted in dilute buffers; adding macromolec-

ular crowders to experiments is one way to begin bridging the gap between in vitro

and in vivo measurements. The review begins with previous works investigating the

effects of macromolecular crowding on the compaction and extension of DNA, from

which it can be seen that synthetic polymers such as polyethylene glycol (PEG) or

dextran as crowders, as opposed to physiologically relevant crowders such as RNA or

proteins are commonly used. The next section of the review discusses the effects of

macromolecular crowders on the kinetics of DNA; with one of the main focuses being

the effects of the size of crowders. Many groups, described within this dissertation

observed that only large crowders effect the kinetics of DNA in ways other than in-

creasing the viscosity of the buffer [2, 3, 4]. In most investigations into the effects
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of macromolecular crowder size, only one size crowder is used at a time, while the

cellular environment contains crowders of varying sizes, motivating further research

with macromolecular crowders of varying sizes simultaneously. This section also dis-

cusses the connection between liquid-liquid phase separation (LLPS) and the crowded

cellular environment; experiments connecting LLPS, macromolecular crowding, and

nucleic materials have not yet been reported. This chapter wraps up with a discussion

of theoretical works modeling polymer chains in a crowded solution.

The next chapter discusses my experimental work on the effects of macromolecular

crowding on protein-mediated looping of DNA. These experiments were conducted

using the tethered particle motion (TMP) measurements, which is a simple, yet pow-

erful single-molecule measurement technique. In TPM, a strand of DNA is anchored

to a substrate on one end (a glass coverslip in this case) and attached to a bead on

the other end. The bead traverses a hemisphere, the radius of which is limited to the

length of the DNA tether. The 2D projection of the bead is tracked and recorded

to elucidate information about the length of the tether. During protein-mediated

looping (LacI-mediated looping) the DNA may sample two different loop conforma-

tions, parallel and anti-parallel loops. Anti-parallel loops require more DNA than

the parallel loops, which shortens the effective tether length to a further extent. The

macromolecular crowders investigated in this section were dextran 70 (70 kDa) and

bovine serum albumin (BSA, 66.5 kDA). These measurements indicate that in the

presence of macromolecular crowders, DNA favors the parallel loop conformation over

the anti-parallel loop conformation. One possible explanation for this is that macro-

molecular crowders decreased the compatibility with the solvent, causing the DNA

to favor self-interactions over interactions with the solvent.

The fourth chapter of this dissertation discusses further TPM experiments I con-

ducted to characterize hKIF4a compaction of DNA. KIF4a is a chromokinesin that

has been hypothesized to contribute to the organization of mitotic chromosomes and
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the formation of chromosomal scaffolding. Measurements began with bare DNA, in

the absence of hKIF4a as a buffer, and then continued with a truncated version of

the protein that had the DNA binding domain removed; results with the truncated

variant of the protein were indistinguishable from those with the bare DNA. Mea-

surements were then conducted with both 10 and 50 nM hKIF4a in the presence of

both ATP and AMP-PNP (a non-hydrolysable analogue of ATP). These measure-

ments showed significantly higher rates of compaction in the presence of ATP when

compared to AMP-PNP, leading to the conclusion that hKIF4a utilizes ATP to com-

pact DNA. I next increased the concentration of hKIF4a to 100 nM in the presence

of ATP and found that every tether compacted. At 250 nM hKIF4a, every tether

observed appeared to maximally compact on the surface of the substrate. The next

set of measurements involved a mutant of hKIF4a with the ATPase deleted; DNA

incubated with the mutant hKIF4a without ATPase more compacted than the wild-

type hKIF4a in the presence of AMP-PNP, but less than the DNA incubated with

wild-type protein in the presence of ATP. A final set of experiments with hKIF4a

investigated the effects of macromolecular crowding on hKIF4a-induced compaction

of DNA. A set of control experiments was conducted, in the presence of 5% BSA

(w/v) without hKIF4a and no compaction was observed, whereas in the presence of

hKIF4a and 5% BSA there was significant compaction of the DNA.
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Chapter 2

Effects of macromolecular

crowding on DNA structure

2.1 Introduction

Biological sciences have long sought to mimic in vivo conditions in vitro. Due to the

complexity of living cells, there are many obstacles to emulating cellular environments

within the laboratory setting. Biological cells are highly crowded by macromolecules

of varying sizes, structures, and charges including cytoskeletal protein filaments, dis-

solved salts, proteins, and nucleic acids [5]. This complex, crowded environment

plays a key role in a variety of biological processes and functions including viral

infection, gene expression, chromosomal compaction, replication, and transcription

[6, 7, 8, 9, 10]. The full extent of the impact that crowding has on the dynamics

of nucleic acids in the cell remains a vigorous avenue of research. On average, the

volume fraction of a cell that is taken up by solute molecules is 30%, although this

value can rise up to 40% [11, 10, 7, 8, 12]. It is currently accepted that all cells

are highly compartmentalized even in the absence of membrane-enclosed organelles,

which locally concentrates specific groups of molecules and enhances crowding effects
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[13]. Additionally, the cytoplasm and its contents are highly limited by the cellu-

lar membrane to dimensions a few micrometers in diameter for bacteria, and tens

of micrometers for eukaryotic cells [7]. Crowding created by membrane confinement

has proven difficult to reproduce and is often neglected in in vitro experiments. Al-

though a variety of small molecules contribute to crowding, in this review we will

focus on the effect of polymers. The manner in which crowding, by macromolecules

(macromolecular crowding) affects nucleic acids and their transactions is highly rele-

vant to understanding genome structure and function and relating in vitro to in vivo

observations [9, 14, 15, 16].

2.2 Compaction and extension of DNA

An Escherichia coli (E. coli) cell is around one micron in length, while the length of

the DNA contained within is over a millimeter [17]. The cellular environment is also

very crowded, with volume fractions of 30-40% being occupied by various organelles

and nucleic materials [10, 7, 18, 11, 8, 12]. The relationship between molecular crowd-

ing and DNA compaction is one of great interest to understand the forces driving DNA

packaging and architecture. Compaction or condensation of DNA is usually defined

as the collapse of extended DNA chains into more dense structures such as rods,

fibers, flexible rings, toroids, and hierarchical coils [19]. The compaction of DNA

plays a key role in genome organization within the cell and is a fundamental con-

straint on the efficient storage and processing of genetic information. In prokaryotes,

this major function is accomplished via the interplay of three crucial factors, DNA

supercoiling [20], macromolecular crowding and nucleoid-associated proteins (NAPs)

[21, 22, 23, 24, 25, 26]. In general, the compaction of DNA chains may be induced

by a variety of agents such as multivalent macro-cations [27, 28, 29], cationic lipids

[30], detergents [31], peptides [32], and many polymers [33, 34], and is highly relevant
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in biology and gene therapy, calling for thorough studies. DNA extension, or decon-

densation, is crucial, on the other hand, to allow access to the double helix. Tuning

condensation/decondensation of DNA is clearly fundamental for regulation of cellular

activities.

2.2.1 Polyethylene glycol

Polyethylene glycol (PEG) is a neutral polymer that is utilized in industrial man-

ufacturing and medicine. PEG is a polyether compound derived from petroleum,

and has been widely used in medicine due to its biocompatibility, low or non-toxicity

features, and high solubility [35, 36]. For example, PEG has been used to carry ther-

apeutic DNA for gene delivery [37]. In the presence of salts, PEG can induce DNA

condensation through a process commonly referred to as polymer and salt-induced

(psi, Ψ) condensation [38, 39], which was first described by Lerman in 1971 [34].

There have since been many experimental studies investigating the phenomenon of

Ψ condensation [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51]. Vasilevskaya et al.

investigated the compaction of a single DNA molecule in a PEG solution via fluores-

cence microscopy [48]. They found that the critical concentration of PEG required

to induce DNA compaction decreases with increasing degree of PEG polymerization

and salt concentration. The physical explanation of DNA collapse in PEG solutions

given by Vasilevskaya [48] is that the contacts between DNA and PEG are thermo-

dynamically unfavorable. Thus, the solvent quality for DNA becomes poorer upon

the addition of PEG, meaning that the effective attraction between the segments of

DNA macromolecule increases.

Ramos et al. found the critical concentration of PEG required to induce DNA

condensation as a function of NaCl concentration using DNA fragments of about 4

kbp and PEG with degrees of polymerization ranging from 45 to 182 via circular

dichroism (CD) spectroscopy [47]. They found that there was a significant depen-
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dence on the degree of polymerization of PEG in agreement with Vasilevskaya. They

also reported phase separation boundaries for the intermolecular condensation that

were very similar to those observed previously for intramolecular collapse [38, 52].

Intermolecular DNA condensation has many similarities with intramolecular DNA

condensation, and both forms of collapsed DNA can be resolubilized by further addi-

tion of neutral polymer [48]. Additionally, very dilute solutions of long DNA, for both

inter- and intramolecular collapse had a strong dependence on the concentrations of

PEG and salt [48, 49]. Using a 40 mM DNA solution in 0.2 M NaCl to which different

amounts of (w/w) of PEG 2000 were added, Ramos et al. [47] found that changing

the PEG concentration from 19% to 20% yielded a 10 times more intense spectrum,

with a broad negative band displaced from 240 nm to 270 nm, and a positive band

displaced from 275 nm to above 300 nm as is characteristic for Ψ condensation [53].

Continuing addition of PEG to 22% leads to the reduction of the negative band

intensity, and return to the spectrum typical of the B conformation, indicating a

process that they refer to as ‘reentrant decondensation’. Ramos states that for DNA

decondensation, the flexible polymer (PEG in this study) concentration needs to be

increased to a point where DNA leaves the Ψ configuration and is most probably a

disperse solution. The same authors reported that for most decondensation exper-

iments the concentration of PEG was increased until decondensation was observed.

Experiments in which the salt concentration was increased at a fixed concentration of

PEG yielded the same results, suggesting that thermodynamic equilibrium had been

attained.

Cheng et al. studied the DNA condensation induced by PEG of varying molecular

weights in the presence of monovalent salt (NaCl) as well as divalent salt (MgCl2)

[54]. Through magnetic tweezer (MT) experiments they found that with increas-

ing NaCl concentrations, the critical condensation force in the PEG-DNA solution

increased approximately linearly, with the higher molecular weight PEG solution
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having a larger critical force than the lower molecular weight PEG solution. The

divalent salt system, in comparison, followed a parabolic trend of the critical conden-

sation force as a function of increasing MgCl2 concentration. They first examined the

effects of experimental buffer conditions (100 mM Tris-HCl) on the DNA condensa-

tion and found that without the addition of salts there was no detectable transition

found in the PEG 600 solution (30% w/v), where 600 indicates the molecular weight

in Da. It was found that at least 300 mM Na+ was required in order to observe

this transition. Alternatively, the PEG 6000 solution alone was able to induce DNA

condensation in the absence of salts. By varying PEG 6000 concentration, it was

found that the critical force produced during condensation decreased from the ∼0.6

pN at 30% PEG concentration to ∼0.1 pN at 18% PEG concentration. There was no

detectable condensation transition in PEG 6000 solutions with concentrations under

18%. Cheng et al. concluded that the added salts (Na+ or Mg2+) play an important

role in the Ψ condensation. Cheng also observed samples via atomic force microscopy

(AFM) and found that the morphologies of the compacted DNA-PEG complexes had

a dependence on the salt concentration and were consistent with the MT results.

Scott et al. conducted single molecule Convex Lens-induced Confinement (CLiC)

experiments and found that crowding agents affect DNA binding and unwinding [7].

They state that molecular crowders are assumed to influence binding events mostly

through collisions with other molecules and that assessing whether crowders exert

specific effects on binding at physiological ionic strength is of interest. Using 8 kDa

PEG (PEG 8000), 10 kDa polyvinylpyrrolidone (PVP), and 55 kDa PVP at 12.5%

w/v with an ionic concentration of 150 mM (137.4 mM NaCl, 12 mM Tris, 25 mM

HEPES, pH 8.0) and a temperature of 37◦C, they investigated this phenomena. Under

these conditions, only NaCl ions dissociate completely yielding an ionic contribution of

12.5 mM from both Tris and HEPES. All experiments with crowding agents showed an

increase in DNA-DNA binding as opposed to control measurements with no crowding
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agent. Since there was no significant difference observed from different specific species

or sizes of crowding agents, following experiments were conducted with 8 kDa PEG as

the crowding agent. Further measurements used similar experimental conditions as

before, but investigating the effects of increasing concentrations of 8 kDa PEG over

a range of 0%, 1%, 5%, 10%, and 20% (w/v). An increase in binding with increasing

PEG concentration was observed. Additionally, the dependence of salt concentration

was investigated over a range of 10 mM to 137.5 mM of NaCl to observe the effects

of monovalent ionic concentration on plasmid-probe binding. Factoring in the ionic

contributions of NaCl found within the 12 mM Tris and 25 mM HEPES brings the

total ionic concentration into the range of 22.5-150 mM. Physiological ionic conditions

are considered to be concentrations between 100 and 200 mM [55]. Scott et al. [7]

found that as salt concentrations increased, DNA-DNA binding decreased; this is

expected to be due to the increase in positively charged ions screening the negative

charges on the DNA. Therefore, in low ionic strength conditions the repulsion between

the negatively charged phosphate backbone produces denaturation of segments of

plasmid DNA that allows DNA-probe interactions [56, 57]. Rybenkov, et al. also

found that increased ionic strength decreased the free energy of supercoiling of DNA

[56], which in turn reduces the probability of unwinding, resulting in a decrease of

probe binding. In order to determine whether a decrease in unwinding, a reduction in

the reaction rate between the plasmid and probe, or some cooperative effects between

the two accounted for the reduction in binding, Scott et al. plotted the initial amount

of unwound plasmid and the rate of binding versus ionic strength. A second-order

reaction model was used to estimate binding rates and determine the unwound state

of plasmids, this model assumed the rates of unwinding and rewinding are negligible

compared to the rate of binding, consistent with previous results from Scott et al.
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[58]. This second-order reaction equation can be expressed as

[B] = [U ]0(1− e−k′t)

where k′ is a constant, t is time, [U ]0 is the initial concentration of unwound plasmids,

and B is the concentration of bound complexes. The constant K is used to determine

the rate of reaction through the expression K = k([P ]0 − [U ]0), where k is the true

rate constant for this reaction, and [P ]0 is the initial concentration of probe molecules

[58]. Using the fits to this equation, the initial amount of unwound plasmid decreases

with increasing ionic strength, while the rate of binding to unwound sites does not

vary significantly for all ionic strengths observed in this study. Once it was observed

that the rate of binding to unwound sites did not vary significantly for the observed

salt concentrations in the absence of crowding agents, macromolecular crowders were

once again added to the sample, and were found to have strong effects. It was found

that binding increased with ionic concentration in the presence of crowding agents.

Using similar experimental conditions as previously reported, but with the addition

of 10% (w/v) 8 kDa PEG and increasing NaCl concentrations they observed that

binding between the probe and plasmid increased with increasing ionic strength in

the presence of crowding agents, as opposed to the absence of crowding agents.

Mardoum et al. reported that crowding induces entropically-driven changes to

DNA dynamics, they stated that these changes depend on crowder structure and ionic

conditions [6]. Upon examining the role of crowder structure on DNA conformation

and diffusion, they found that branched, compact crowders such as PEG and Ficoll

drive DNA to compact, while linear, flexible crowders such as dextran caused DNA

to elongate. They observed that the extent to which DNA mobility is reduced by

increasing crowder concentration appears largely insensitive to crowder structure,

despite crowder structure causing the DNA to take on highly different configurations.
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Cristofalo et al. conducted magnetic tweezer (MT) experiments to investigate the

effects of PEG on the compaction of DNA fragments in cooperation with the nucleiod

protein H-NS [21]. The structural role of H-NS and/or PEG on DNA was investigated

in assays, where the DNA collapse/loop-formation mechanism was monitored using

the extension of the DNA in response to the externally applied force on a magnetic

bead that was attached to the end of the DNA molecule. PEG force-extension curves

were consistent with teasing the DNA filament out of a collapsed globule. In the

absence of PEG alone, at a 16% volume fraction, DNA condensation was induced,

with respect to the behavior of bare DNA. In the presence of PEG the force-extension

curves show a transition between a very stiff regime detected at low force, where a

characteristic force value (∼ 0.6 pN) is required to observe any extension. Above

this critical force, the DNA polymer was reported to extend with no energy cost,

where the DNA extension increased from zero to a maximum extension value for

bare DNA with no increase to the applied force. They stated that above this critical

force, the force-extension curve appears to be compatible with the one measured for

DNA in the absence of PEG, which was interpreted as the behavior associated with

teasing a DNA filament out of equilibrium within a collapsed globule, which has been

well-studied [59, 60, 61]. Cristofalo et al. divided this observed behavior into three

distinct regimes; in the first (low-force) regime, the extension is associated with elastic

deformation of an intact globule (prolate configuration). In the second (free pulling)

regime, a linear chain of monomers is extended from the globule as a ‘tail’ forming

several different ‘tadpole’ configurations whose energy costs are balanced by the gain

in entropy for the free part of the chain (tail). The third regime represents the fully

extended polymer.

Previous works have shown that branched crowders, such as PEG and ficoll (not

discussed here), tend to induce compaction in DNA, while linear crowders, like dex-

tran (see below) initialy cause DNA to elongate, but as crowder concentration is
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increased, will also induce compaction of DNA.

2.2.2 Dextran

Dextran is another polymer that is commonly used in macromolecular crowding ex-

periments, it is a complex branched glucan (polysaccharide derived from the con-

densation of glucose), originally derived from wine. The Union of Pure and Applied

Chemistry (IUPAC) defines dextrans as “Branched poly-α-d-glucosides of microbial

origin having glycosidic bonds” [62]. Dextran has been used in vitro to mimic the

intracellular crowding of DNA to understand the compaction of linear and plasmid

DNA [63, 64, 65, 66]. Plasmid DNA exhibits different compaction from linear DNA

under crowding [63]. Crowding affects characteristics of DNA superhelicity such as the

degree of interwinding and the number of interwound branches of plasmids [63, 67].

Mardoum et al. used single molecule fluorescence microscopy and particle tracking

algorithms to investigate the effects of macromolecular crowders on the transport

and conformational dynamics of large DNA molecules [6]. They measured the mean-

squared center of mass displacements as well as the conformatioonal size, shape,

and fluctuations of individual 115 kbp strands of DNA that were diffusing through

various in vitro solutions of macromolecular crowders. The role of crowder structure

and concentration was determined, along with ionic conditions, on the diffusion and

configurational dynamics of DNA. Linear, flexible polymers, such as dextran, were

found to cause DNA to elongate. The diffusion and conformational dynamics of

DNA crowded by dextran of varying molecular weights and concentrations had been

previously measured and it was found that the decrease in DNA diffusivity with

increasing dextran concentrations was less than expected based on the increasing

viscosity of the crowding solutions [68, 69]. It was found that the measured diffusion

coefficients followed a weaker scaling with viscosity than the expected classical Stokes-

Einstein scaling D ∼ η−1.
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Gupta and Maarel conducted laser light scattering measurements to measure the

radius of gyration of pHSG298 plasmids with a length of 2675 bp in supercoiled

and linear configurations in the presence of macromolecular crowding [64]. They

observed that the supercoiled form initially expands and subsequently compacts as

the volume fraction of the crowder increases. The extent of this expansion was found

to be highly dependant on the size of the nanoparticle crowders, with the smallest

particles exhibiting the largest effect. The linear plasmid experienced monotonous

compaction with increasing crowder volume fraction and there was no peak in the

radius of gyration observed.

Khatun et al. performed static/dynamic light scattering (S/DLS) experiments

with different plasmid-dextran combinations in order to elucidate information on the

effect of crowder size on plasmid compaction [63]. They used three plasmids (pBS, 2.9

kbps; pCMV-Tag2B, 4.3 kbps; and pET28a, 5.3 kbps) that were isolated and purified

in supercoiled configurations. The results from this study indicated the presence of

two compaction regimes for plasmid-dextran combinations that were quantified in

terms of the radius of gyration, Rg. The diffusivity of plasmids in these two regimes

was observed to be dictated by normal diffusion in one regime, and subdiffusion (the

tendency of particles in a fluid to diffuse anomalously slowly due to trapping) in the

other. Khatun interpreted the regimes as the outcome of an imbalance between the

the osmotic pressure caused by the entropically driven depletion forces from dextran

and the elastic pressure resulting from conformational changes in the plasmid under

crowding. They state that within these two regimes of compactions experienced

by plasmids, the plasmid conformation is sensitive to the size of crowders, and the

compaction is quantified in terms of Rg which is estimated for different plasmid-

dextran combinations via laser light scattering. Khatun et al. proposed a generalized

scaling law of Rg as
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Rg
∼= ξ(x)R

2/(1+x)
g0 d2/(1+x)ψ−1/(1+x)

where Rg0 is the radius of gyration of plasmids in the uncrowded environment, ξ(x)

is the prefactor representing the deviation of plasmid conformation from its confor-

mation in the absence of crowding, ψ is the volume fraction of the crowding agent,

and x is the measure of the conformational geometry of the plasmids. This equation

was derived by equating the elastic pressure due to plasmid conformational changes

to the osmotic pressure that arise from depletion forces due to the crowders.

Previous work has shown that the molecular weight of dextran is a key parameter

when conducting measurements. Relatively low molecular weights of dextran cause

DNA to extend, but as molecular weight and volume fraction is increased, DNA will

subsequently compact.

2.2.3 Bovine serum albumin

Bovine serum albumin (BSA) is a protein derived from cows and is often used as

protein supplement in cell culture media [70]. BSA is a small, stable, and moderately

non-reactive protein [71] with isoelectric point at pH=5.1-5.5, and a molecular weight

of 66.5 kDa.

Liu et al. conducted Förster resonance energy transfer (FRET) measurements

using crowding-sensitive probes (pairs of flourophores linked in close proximity) and

found that BSA induced compression of the probes [72]. They found that the degree

of compression was directly related to the concentration of BSA throughout their

measurements. The probes were found to compress with a magnitude that depended

on the probe and the crowder; compression scaled with probe size, and for fixed

crowder weight %, depended on crowder hydrodynamic radius.

The vast majority of publications investigating macromolecular crowding using
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biologically relevant crowders tend to focus on the effects on other proteins and not

specifically what impact they have on DNA. It is clear that more work needs to be

done to investigate what effects biologically relevant macromolecular crowders have

on DNA.

2.2.4 Outlook

The effects of macromolecular crowding on the compaction and extension of DNA have

been heavily investigated. The overwhelming majority of research has focused on the

effects of non-physiological, neutral crowders such as polyethylene glycol and dextran.

These crowders are so widely used because they are non-interacting, for the most part,

and commercially available. Going forward, to further bridge the gap between in vitro

and in vivo experiments, a systematic analysis of the effect of size, shape, and charge

of crowder should be conducted on various aspects of DNA properties and functions,

including DNA-protein interactions, DNA topology, DNA repair, recombination, etc.

In addition, wider range of biologically-relevant macromolecular crowders should be

explored, including nucleic acids and cytoskeletal filaments normally present in the

nucleus/nucleoid.

2.3 Kinetics

2.3.1 Crowders vs. viscogens

Chung et al. investigated the effects of macromolecular crowding on transcription

initiation by E. coli RNA polymerase (RNAP) [2]. With up to 40% of the overall

volume of the cytoplasm taken up by macromolecules [8, 11, 7, 10, 18, 12], E. coli

cells present a dense environment that is likely to affect biological reactions, as com-

pared to the same reactions in buffer [73, 74, 75, 76], due to the drastic increase

in viscosity that slow macromolecular motions and kinetics [77, 78].The volume ex-
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clusion due to this level of crowding affects the thermodynamics and/or kinetics of

reacting molecules. Transcription is often investigated in vitro [79, 80, 81] yielding

results that sometimes differ from in vivo observations, in part due to environmen-

tal factors such as the macromolecular crowding [82, 83]. Chung et al. found that

only large crowders affect transcription kinetics in other ways than viscosity. Mea-

surements were conducted using in vitro quenching-based single-molecules kinetics

assays. Microviscosity measurements were conducted using fluorescence correlation

spectroscopy (FCS). The microviscosity for RNAP-Promoter complexes were mea-

sured under various crowder conditions, and all measurements were performed at

25◦C using a confocal microscope with a continuous wavelength laser at 532 nm. The

transcription initiation quenched-kinetics assay quantified the number of transcripts

at each time point, defined by the time a reaction quencher was added [84]. Once the

transcription reaction is stopped by the quencher, the added ssDNA FRET probes

hybridize to the transcribed RNAs during an incubation period. Transcription initia-

tion was tested with 25% Glycerol, 15% PEG8000, 15% Ficoll70, and 5% Dextran500

(w/v). Transcription initiation rates in buffer were also measured as a reference for

behavior in the absence of viscogens or macromolecular crowders. Measurements re-

vealed that rates of elongation in polymer solutions such as PEG, Dextran, or Ficoll,

are faster than the kinetics in 25% glycerol, even though the viscosities of the polymer

solutions are much higher than that of 25% glycerol. Since the effective viscosity in

a crowded medium (the microviscosity) could differ from the bulk viscosity of the

medium [85, 86, 87], FCS experiments were performed to estimate the actual viscosi-

ties experienced under various crowding environments. FCS measurements showed

that microviscosities for the large crowders, Ficoll70 and Dextran500 are much smaller

than their macroviscosities, while Dextran10 and PEG8000 had microvascosities com-

parable to their macroviscosities. A unidirectional first-order kinetics model was used

to fit and extract kinetic rate constants in order to better understand the effects of
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various sized crowders on transcription kinetics. The extracted rates were adjusted

using Kramers kinetic theory to account for viscosity effects and decouple them from

the crowder volume exclusion effects [88]. It has been demonstrated several times

that the effect of viscosity on some protein folding kinetics follow Kramers theory

[89, 90, 91]. The viscosity-adjusted kinetics rate constants showed acceleration by a

factor of ∼ 2 for dextran500 and ficoll70, and ∼ 6 for PEG8000, while the viscosity-

adjusted rate constants for glycerol was only marginally affected. This is due to the

fact that glycerol is a viscogen and does not act as a macromolecular crowder. Chung

et al. concluded that only large crowders affect the transcription kinetics in other

ways than viscosity and therefore act as macromolecular crowders [2].

Stiehl et al. found that macromolecular crowding slows down the stochastic open-

ing and closing of single-strand DNA (ssDNA) hairpins, but also increases the steady-

state fraction of closed hairpins significantly [3]. This increase in the fraction of closed

hairpins was shown to increase if the crowding was associated with subdiffusion. It

was concluded that biochemical reactions in crowded fluids are sensitive to both

volume exclusion effects and changes of the reactants’ diffusion characteristics. To

observe the conformational fluctuations of a ssDNA hairpin, Stiehl et al. followed

the approach of Bonnet et al. [92] and Wallace et al. [93, 94]. The kinetics of the

ssDNA constructs (beacons and controls) were monitored in water containing varying

amounts of sucrose. Increased concentrations of sucrose increses the viscosity of the

fluid, but does not lead to subdiffusion of tracer particles [95]. The sucrose solu-

tion acts as a purely viscous medium, where the hairpin opening and closing rates

are expected to change similarly with increasing viscosity, and therefore the sucrose

concentration. The beacon’s closing rate was approximated as a diffusive search of

two binding partners separated by the ssDNA length, while the opening rate was

described by Kramer’s escape rate from a local potential minimum. Following this

analysis, the mean residence time in the hairpin conformation was expected to grow
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with increasing sucrose concentration with the steady-state fraction of open hairpins

remaining independent of sucrose concentration. However, there was significantly

lower fraction of open hairpins as the concentration of crowding agents increased,

in addition to the slowing down of the conformational fluctuations that were also

observed for viscogens. The observed changes of the steady-state fraction of closed

ssDNA hairpins were significant for 10 kDA-, 4kDA- PEG and dextran, while 200 Da-

PEG (which is comparable in size to sucrose molecules) had no significant effect on

the steady-state fraction of closed hairpins. UV absorption measurements confirmed

the observed change in the fraction of closed hairpins in crowded fluids, measured via

FCS; the fraction was closed hairpins was reduced by about 16% by PEG and 70%

by dextran, as compared to the sucrose solution. It was also observed that changes

in temperature from 25 to 60◦C only lead to minor changes in the absorption levels.

The observed crowding-induced closing of the ssDNA hairpin was strongest when us-

ing high concentrations of crowders. While both PEG and dextran exhibited similar

effects on closing hairpins, there is a stark difference between the structure of the

two: 10 kDa-PEG is a linear polymer with a hydrodynamic radius of ∼2.8 nm [96],

while dextran of the same weight is a branched polymer with a hydrodynamic radius

of ∼1.8 nm [97]. Stiehl et al. determined that the apparent volume occupancy of 10

kDa-PEG is about 3.8 fold larger than that of dextran [3].

In summary, previous work has shown that the size of crowders is a key factor.

Larger molecular weights yield crowding effects such as caging or trapping due to

entropic effects from volume exclusion, while smaller molecular weights of crowders

will intermix with the DNA and only increase the viscosity of the solution.

2.3.2 Phase separation

As far back as 1995, Walter and Brooks hypothesized that phase separation in the

cytoplasm, due to macromolecular crowding, is a basis for microcompartmentaliza-
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tion [98]. Levone et al. determined that FUS-dependent liquid-liquid phase separation

(LLPS) is important for DNA repair initiation [99]. Their experiments did not involve

macromolecular crowding, but definitively showed that LLPS has important cellular

functions. Shakya et al. investigated LLPS of histone proteins in cells to determine

its role in chromatin organization [100]. Histone proteins package cellular DNA into

actively transcribed euchromatin domains as well as suppressed heterochromatin do-

mains. Through in vivo (in cell) and in vitro studies, it was found that histones

contribute to heterochromatin formation through reversible LLPS with DNA. In this

case, the LLPS forms liquid droplets containing linker histome H1 and chromatin, and

they likely govern the access of transcription factors and RNA to heterochromatin

domains through charge balance, multicomponent interactions, and fluctuating levels

of small molecules such as ATP.

Park et al. conducted experiments and field-theoretic simulations via complex

Langevin sampling that suggest PEG drives LLPS by dehydration of polymers [101].

The investigation focused on the coacervate phase, an aqueous phase rich in macro-

molecules such as synthetic polymers, proteins, or nucleic acids [102, 103, 104, 105,

106]. Complex coacervation (CC) is a phenomenon in which polyelectrolytes sepa-

rate into a polyelectrolyte-dense phase and a polyelectrolyte-dilute phase [107]. CC

is affected by a wide variety of influences, such as ionic strength, pH, polyelectrolyte

concentration, molecular weight of the polyelectrolytes, as well as temperature, and

crowding pressure [108]. Experimental measurements were taken through fluorescence

recovery after photobleaching (FRAP), within the coacervate phase, in the absence

and presence of PEG.

Kohata and Miyoshi published a short review in 2020 titled RNA phase separation-

mediated direction of molecular trafficking under conditions of molecular crowding

[5]. Selective interactions and specific functions of biomolecules are controlled in a

temporal- and spatial-specific manner in complex crowded environments involving
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numerous other biomolecules. The collective and congregative effect of biomolecu-

lar properties and behaviors that facilitate specific interactions between biomolecules

has attracted considerable research attention in recent years [109, 110]. Biomolecular

localization systems using droplets formed via LLPS as observed in the cytoplasm

and nucleus is a topic of major interest in recent years [110]. Entropically less-stable

heterogeneous phase-separated states are expected to become more stable than the

entropically favorable homogeneous single phase, indicating that there is an enthalpic

contribution by factors such as solute-solute interactions that maintain the stabil-

ity of the phase-separated state [5]. Membrane-less organelles, commonly referred

to as droplets, concentrates, or granules, differentiate from typical organelles in that

they lack membranes [111, 112, 113, 114, 115]. Membrane-less organelles are formed

through reversible processes that are sensitive to various external signals associated

with cellular stressors [106, 116], as opposed to biomolecule aggregation which is gen-

erally irreversible [117]. The interface between the separated liquid-liquid phases has

no partition barrier; this enables water molecules and solutes to pass freely through

the interface such that droplets can dynamically exchange contentes with the external

environment [118, 119]. It has been previously shown that droplets can be formed

by cationic peptides and mononucleotides in laboratory conditions [120], additionally,

droplets formed in cells often contain polyions such as cationic proteins and RNAs

[121]. Numerous droplets have been identified within cells, each serving a biological

function: the nucleolus [122], paraspeckles [123], nuclear speckles [112], Cajal bodies

[113], and promyelocytic leukemia PML bodies [124]. These droplets perform many

cellular functions, such as storing RNA and transcriptional factors through droplet

formation and dissolution in the nucleus, as well as regulation of gene expression. This

apparent importance of LLPS and droplet formation within the highly crowded cel-

lular environment beckons more systematic studies on the effects of macromolecular

crowding on LLPS and droplet formation.
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Goobes et al. found that PEG promotes phase separation to a higher extent

than other inert polymers due to its spherical conformations [125]. It was pro-

posed that crowding agents act as a metabolic buffer that significantly extends the

range of particular, intracellular conditions under which interactions occur due to the

crowding-mediated shift in binding equilibria toward association. Measurements were

conducted via isothermal titration calorimetry (ITC) and UV melting experiments

and indicated that crowding-induced effects are marginal under conditions that are

known to favor association of DNA strands but become progressively larger when

conditions deteriorate. They state that crowding-mediated effects were found to in-

clude enthalpy terms that favorably contribute to association processes. It has been

determined that processes that reduce excluded volume are entropically favored and

therefore preferentially promoted in crowded environments [126, 66, 127, 128, 74].

Thus, processes leading to macromolecular compaction, such as DNA packaging, as-

sociation and aggregation of polymers, formation of tight oligomeric structures, and

folding of extended polypeptides, are significantly enhanced in the crowded cellular

environment [129]. There have been a great many studies that have demonstrated that

the crowding-mediated preference for maximizing compaction represents intracellular

interactions that act to stimulate association between biopolymers and modulation

of reaction rates [127, 128, 66, 130, 131, 132]. The thermal stability of long dsDNA

structures has been shown to increase when crowded with inert polymers such as

PEG or dextran [133], Goobes et al. found that short DNA strands behave similarly.

The addition of PEG raised the dsDNA melting point by 4◦C, and had similar results

for dsDNA molecules containing one or two mismatched base pairs. Dextran 70 also

increased the melting point for dsDNA, but not as effectively as PEG, showing only a

2◦C increase in the melting point. The fact that neutral polymers enhance the ther-

mal stability of relatively short dsDNA segments is of interest, because in contrast to

long DNA molecules that tend to undergo collapse and aggregation in the presence of
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PEG, short segments remain completely soluble. In the presence of inert polymers,

the thermal stability of triple-stranded DNA is enhanced to a more significant extent

than dsDNA molecules of comparable length [134, 135]. Triplex stabilization was en-

hanced by both PEG and dextran70, but significantly more-so by PEG. Additionally,

Goobes et al. observed that triplex motifs containing mismatched bases are also effec-

tively stabilized by PEG; the magnitude of the PEG-mediated increase of the triplex

melting temperature was found to be constant and independent of the number of mis-

matched bases in the triplex motif. Throughout these measurements, various weights

and concentrations of PEG were used. Concentrations were investigated over a range

of 0-15% and a linear increase in melting temperature was observed for both dsDNA

and triplex-DNA. PEG samples with concentrations greater than 15% were unable to

be examined due to the increased viscosity. The correlation between the size of PEG

polymers and the thermal stability of DNA species showed a slight improvement from

PEG200 to PEG1000, but the effects of size were negligible from PEG1000 to PEG

8000.

2.4 Protein-DNA interactions

Another area of interest when investigating the effects of macromolecular crowders

on DNA is protein-DNA interactions. Proteins are macromolecules consisting of one

or more long chains of amino acid residues, they perform a wide variety of functions

within organisms such as catalyzing metabolic reactions, DNA replication, providing

structure to cells, transporting molecules, and responding to stimuli. There are many

potential ways macromolecular crowders could affect the interactions between pro-

teins and DNA, for example by volume exclusion effects such as trapping, caging or

depletion forces, or by electrostatic effects which could lead to screening of charged

proteins.
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2.4.1 Nucleoid-associated proteins

Cristofalo et al. conducted magnetic tweezer (MT) experiments to observe the effects

of polyethylene glycol on the affinity of DNA for the nucleoid protein H-NS and found

that there were cooperative effects on the compaction of DNA fragments by H-NS

and PEG [21]. Macromolecular crowding in a cell affects both the cytoplasm and

chromosomal dynamics [136, 137, 138, 139], by influencing chromosome compaction

through depletion-like interactions, as previously hypothesized [140, 39], and later

observed [141, 142, 143]. Nucleoid-associated proteins (NAPs) can induce DNA con-

densation and modify chromosome organization by directly interacting with binding

sites along the DNA [144, 145, 146, 147]. NAPs recognize binding sites at different

levels of specificity, within the range of 10-30 bps [148], and can interact with DNA

by different binding mechanisms (bending, bridging, or wrapping the double helix).

Many NAPs stay bound for relatively long amounts of time [149, 150, 151, 152]. Stud-

ies on purified nucleoids with tuned concentrations of macromolecular crowders that

do not bind or interact directly with DNA such as PEG have shown there is a compli-

cated interplay between NAPs and crowders [153, 40, 42, 48]. H-NS is abundant and

widespread in bacteria, having approximately 20,000 molecules per cell (∼ 20µM),

is small in size, with a molecular weight of 15.5 kDa. H-NS is comprised of a C-

terminal DNA- binding domain, and an N-terminal dimerization domain connected

via a flexible linker [24, 154, 155, 156, 157]. The two interaction surfaces possessed

by H-NS allows it to form attachments with neighboring proteins bound along the

same DNA molecule that can result in stabilization of DNA loops [156, 158]. H-NS

binds nonspecifically with DNA, although it is known to favor regions with more

AT nucleotides [159, 160, 161, 162]. Cristofalo et al. used a MT setup to investi-

gate the DNA extension while subject to externally applied forces, in the presence of

both H-NS, and crowding via various concentrations of PEG1500. It was found that

the critical points for DNA condensation in the presence of H-NS and PEG alone
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are qualitatively different. In further experiments, they found that the presence of

both H-NS and PEG triggers cooperative effects; after investigating the individual

behaviors of DNA extension in the presence of H-NS or PEG alone, the combined

effects of the NAP protein and the macromolecular crowder on DNA condensation

were studied. The experimental conditions used in these measurements were chosen

to be similar to those found in the cellular environment, where the volume fraction

of proteins is reported to be between 12 and 17% [150], and solute molecules take up

30 to 40% [18, 11, 8, 10, 7, 12].

Lin et al. conducted investigations into a different NAP, HU (Histone-like pro-

tein from strain U93) [163]. HU is a NAP expressed in most eubacteria with tens of

thousands of copies; it is believed to organize and compact DNA via binding, and is

one of the most abundant proteins in E. coli cells [164]. It was reported that DNA

binding properties on HU were influenced by both macromolecular crowding and salt

conditions. Three different crowders were used in this investigations: blotting grade

blocker (BGB), bovine serum albumin (BSA), and PEG8000; as well as two different

MgCl2 concentrations in an effort to mimic the intracellular environment. BGB is

a non-fat milk-product mixture comprised mostly of casein micelles containing large

globular proteins ranging from 50 to 600 nm in diameter [165, 166]. Investigating the

effects of magnesium ions was of interest because of their crucial role in the function-

ality of many proteins and enzymes [167, 168, 169, 170, 171, 172]. Measurements were

conducted via tethered particle motion (TPM), where DNA is attached to a substrate

on one end, while the other is attached to an observable bead subject to Brownian

motion. Two binding regimes are observed, with a transition between them, com-

paction and extension of the HU protein. These regimes were found to be highly

sensitive to crowding conditions. The observations suggest that magnesium ions en-

hance the compaction of HU-DNA and suppress filamentation, while BGB and BSA

increase the local concentration of the HU protein by more than 4-fold, and seem to
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suppress filament formation. They did report that PEG8000 was not a good crowding

agent under these experimental conditions for concentrations above 9% (w/v), due

to potential interactions with DNA, HU, and/or surfaces. The latter may explain

why PEG can instead be more easily used as a crowder in MT measurements. Ex-

periments were conducted via titration from 0 to 1600 nM HU under the following

crowding conditions: 0.5% and 1% BGB, 1.25%, 5% and 10% BSA, 3%, 9%, 15%

PEG8000 in the buffer without MgCl2, and 0.5% BGB, 10% BSA, and 3% PEG8000

in the buffer containing MgCl2, where all percents are (w/v) of the crowding agent. It

was found that BGB increases local HU concentration, stimulating HU binding and

the subsequent DNA bending at significantly lower HU concentrations; from 150 nM

HU in the uncrowded buffer without MgCl2 to 12.5 nM HU in both BGB crowding

environments. In the absence of MgCl2, there were some notable differences between

the 0.5% and the 1% (w/v) BGB; maximal DNA compaction occurs at a lower HU

concentration in the low BGB concentration compared the higher BGB concentration

(25 nM versus 100 nM HU). This observation implies a balance between crowding ef-

fects on binding energy and on diffusion; the authors suggest that too much crowding

by BGB might hinder HU access to DNA. It was also observed that at higher HU con-

centrations where HU forms filaments along the DNA, the root-mean-square (RMS)

increases less in the presence of BGB than in conditions without BGB. Additionally,

the impact on filament formation in 1% BGB was observed to be stronger than in

0.5% BGB, suggesting that BGB inhibits HU filamentation. In the presence of MgCl2,

the RMS was reduced an additional 7% compared to the RMS without BGB. Given

that the compaction of DNA by HU in the presence of MgCl2 was already enhanced

without BGB, it was concluded that MgCl2 and BGB exhibit cooperative dynamics

that enhance DNA compaction. It was also observed that BSA increased local HU

concentration. Three concentrations of BSA (1.25%, 5%, and 10% (w/v)) in the

absence of MgCl2, and 10% BSA in the presence of MgCl2 were used to investigate
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the effects of BSA on HU binding. The compaction and de-compaction of DNA was

observed across a wider concentration range in the presence of BSA, when compared

to the absence of BSA. Compaction was observed at 6.25 nM HU in 1.25% and 5%

BSA, and at 12.5 nM HU in 10% BSA, while in the case without BSA the compaction

was observed at 150 nM HU. These observerations suggest that BSA increases the

local concentration of HU dimer and lead the Lin et al. to conclude the following:

the most compact state attained in the presence of BSA does not show a significant

difference compared to that in the absence of BSA (the minimum RMS of the DNA

was approximately constant through all measurements), too high of a concentration

of BSA is less effective in increasing the local HU concentration [163]. Similarly to the

crowding with BGB, too much crowding with BSA might interfere with HU binding;

possibly interacting with the HU and/or the DNA [173], or via steric effects. They

next observed the effects of BSA in the presence of MgCl2, and found that the most

compact state of the DNA occurred at a higher concentration of HU dimer. This

observation is unable to be explained by the impact of MgCl2 or BSA individually.

The impact of PEG8000 on HU binding was also investigated in this study using

three concentrations of PEG8000 (3%, 9%, and 15% (w/v)) in the absence of MgCl2,

and 3% PEG8000 in the presence of MgCl2. It was found that compaction starts at

12.5 nm HU in 15% PEG8000, 50 nm HU in 9% PEG8000, and 100 nM HU in 3%

PEG8000, as opposed to the 150 nM HU required for compaction in the crowding-

free condition, suggesting that relatively high concentrations of PEG8000 is needed

in order to increase local HU concentration. Additionally, there were no significant

effect on the value of the lowest RMS for the 3% and the 9% PEG8000, while 15%

PEG8000 demonstrated a dramatic 30% decrease in the RMS of the DNA compared

to the crowder-free condition. In the presence of MgCl2, the most compact state for

3% PEG8000 and 8mM MgCl2 occured at 100 nM HU and showed a 7% reduction

in the RMS when compared to the RMS of the DNA in the presence of MgCl2 in the
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absence of PEG8000. It was observed that the most compact state of the DNA in the

absence of MgCl2 did not change regardless of the PEG8000 concentration, suggesting

that MgCl2 works cooperatively with PEG8000 to enhance DNA compaction [163].

2.5 Theoretical works on effects of macromolecu-

lar crowders on polymers

Cao et al. conducted Langevin simulations to investigate the conformational change

of a semi-flexible chain in a concentrated solution packed with spherical active crow-

ders [4]. They observed that a novel shrinkage-to-swelling transition is observed for

polymers with small rigidity. A phase diagram was constructed in the parameter

space of active force and crowder size; the variation of the polymer gyration radius

exhibited a non-monotonic dependence on the dynamical persistence length of the

active particle. Information was also elucidated about the activity-crowding coupling

effect in different crowder size baths. It was determined that for small crowders,

activity increases the crowding-induced shrinkage to the chain, while as crowder size

is increased, activity begins to hinder the crowding effects resulting in a competitive

shrinkage and swelling of the polymer chains. For large crowders, the swelling effect

from activity dominates the crowding effects.

Sapir and Harries conducted several theoretical investigations in attempts to ex-

plain the effects observed in crowded environments [174, 175, 176], as well as the

investigation they conducted with Sukenik [177]. The Sukenik et al. paper re-

viewed the origins of the effective attractive interactions that emerge between and

within macromolecules immersed in solutions containing cosolutes that are prefer-

entially excluded from the macromolecular interfaces [177]. They summarized that

for many polymers at low to moderate concentrations the steric interactions and

molecular crowding effects dominate, and cosolutes primarily act through entropic
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mechanisms. On the other hand, for small excluded solutes such as naturally occur-

ing osmolytes processes are dominated by primarily favorable enthalpy mechanisms.

They also investigated whether the depletion force was entropic [176]. They used

the Asakura-Oosawa model and the Kirkwood-Buff solution theory to describe the

effects of cosolutes frequently excluded from molecular crowding investigations. They

reviewed experimentally found mechanisms and linked those to possible underlying

molecular interactions. Cosolutes such as osmolytes, tend to induce attractive de-

pletion forces that are enthalpically dominated and entropically destabilizing, while

polymeric crowders may act by similar mechanisms but often induce depletion forces

dominated by favorable entropy. The Asakura-Oosawa model for depletion forces

assumes a completely steric cosolute-macromolecule interaction, leading to fully en-

tropic depletion forces. Sapir and Harries altered the steric repulsion core with a ‘soft’

repulsive shell that adds an enthalpic contribution to the depletion force. Consider-

ing that the cosolute-macromolecule interactions are temperature-dependent yields

a depletion force that can be tuned to favor enthalpy over entropy. According to

Sapir and Harries, these simple considerations regarding the nature of the cosolute-

macromolecule effective interaction can be used to rationalize the complete range of

cosolute effects.

The next investigation from Sapir and Harries provided a mean field theory for

crowded solutions [174]. Their proposed mean field theory to account for experi-

mentally determined temperature dependence of protein stabilization that emerges

in solutions crowded by preferentially excluded cosolutes. They employed the Flory-

Huggins approximation to regular solution theory to come up with a model that de-

scribes cosolutes in terms of their size, and two temperature-dependent microscopic

parameters that correspond to cosolute-macromolecule and bulk solution interactions.

This theory was able to predict a ‘depletion force’ that was able to account for ex-

perimentally observed stabilization in protein folding or association in the presence
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of excluded cosolutes. Additionally, the theory also predicts the full range of associ-

ated entropic and enthalpic components. This theory describes entropically as well as

enthalpically dominated depletion forces, even those disfavored by entropy, in accor-

dance with experiments and depending on specific cosolutes. The depletion attraction

that emerges through this theory is not simply described by molecular volumes, but

by an effective volume instead. This effective volume represents an interplay between

solvent, cosolute, and macromolecular interactions. They began with examining the

mean field theory of cosolute solutions (MFC) in the limit of the Asakura and Oosawa

model (AOM) [178, 179]. In the AOM, interactions of cosolutes with the surface is

purely steric and other interactions are omitted, and for an ideal solution. For an

ideal cosolute-solvent solution lacking nonideal mixing terms, the only remaining rel-

evant parameters are the cosolute size and the parameters quantifying the cosolute

interaction with the interface. This causes a deviation from the AOM prediction that

is explained as describing an “effective” volume as opposed to the excluded volume.

Shin et al. conducted Monte Carlo simulations to investigate and found that large

crowders lead to caging of the polymer, while small polymers tend to mix with the

chain monomers and increase the effective viscosity [180]. The main focus of this study

was to investigate the kinetics of polymer looping with macromolecular crowders;

specifically they wanted to look into the effects of volume fraction and crowder size.

The looping dynamics of flexible polymer chains in the presence of different degrees

of crowding was investigated in detail. By analyzing the looping-unlooping rates and

looping probabilities of the chain ends it was shown that small crowders typically

slow down the chain dynamics, while larger crowders seem to facilitate the looping.

These observed effects are explained in terms of an effective solution viscosity and

standard excluded volume; they were able to show that for small crowders the effect of

an increased viscosity dominates, while for larger crowders confinement effects drive

dynamics.
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Chapter 3

Effects of macromolecular crowding

on LacI-mediated looping in DNA

3.1 Introduction

Deoxyribonucleic acid (DNA) is an organic polymer that encodes up to tens of thou-

sands of genes, and is highly compacted within cells. In some cases, the linear length

of DNA that is compacted inside is as much as a million times the length of a cell

[181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191]. DNA compacts through protein-

mediated topologies, such as loops, as well as supercoiling [192, 193, 194]. Indeed,

proteins, like the lac repressor (LacI), alter DNA topology by mediating long-range

loop formation [195]. Protein-mediated DNA looping can occur in two different con-

formations, parallel and anti-parallel, with the anti-parallel conformation requiring

a larger length of DNA to form the loop [196]. The cellular environment is highly

crowded, with E. coli cells having 30-40% of the volume taken up by crowders, which

are the various macromolecules contained within the cell [11, 10, 7, 8, 12]. Due to

the highly crowded nature of the cellular environment, and the ability of LacI to

create loops in DNA, I set out to investigate the effects of macromolecular crowding
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on protein-mediated looping in DNA.

3.1.1 DNA structure

The organic polymer DNA is constructed of two anti-parallel polynucleotide chains

that coil around each other in a double helix. Each chain is composed of a sequence

of deoxyribonucleotides containing four different bases: Adenine (A), Guanine (G),

Thymine (T), or Cytosine (C). The double helix structure of DNA is stabilized by

stacking interactions and hydrogen bonds (H-bonds) formed between bases bridging

the two chains, according to base pairing rules (A pairs with T through two H-bonds,

C pairs with G through three H-bonds). The most common form of DNA is B -DNA,

where the double helix is wound with a right-handed chirality [197].

3.1.2 lac repressor (LacI) and LacI mediated looping

The lac repressor (LacI) is a DNA binding protein that binds to specific DNA se-

quences (operators). LacI is produced in order to repress the expression of the lac

operon (a specific sequence of three genes that control the metabolism of lactose in

E. coli) by binding to the O1 operator, which slightly overlaps the operon promoter.

Lac repressor is a homo-tetramer formed of two pairs of dimers that interact via their

C-terminal domains (CTDs), forming a V shape. The ends of the V contain DNA

binding N-terminal domains (NTD). Each end of the V is able to simultaneously bind

to an operator, causing DNA to loop. There are four types of operators with differ-

ent binding affinities for LacI, which in order of binding affinities are: the synthetic

“Oid”, and the naturally occuring “O1”, “O2”, and “O3”. A cartoon schematic of

the LacI structure is shown in Fig. 3.1.
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Figure 3.1: Cartoon of LacI tetramer bound to two DNA operators. Figure repro-
duced with permission from Xu (2022) [1].

3.2 Materials and methods

3.2.1 DNA preparation

The DNA fragments used in all my experiments were produced by Polymerase Chain

Reaction (PCR). The reaction mixture contains the plasmid of choice, primers (eu-

rofins Genomics) designed using “A plasmid Editor” (ApE) [198], deoxynucleotide

triphosphates (New England BioLabs, NEB), Taq/Q5 DNA polymerase (NEB), the

appropriate buffer and nuclease-free water. Biotin- and digoxigenin-labeled DNA

fragments were utilized for tethered particle motion experiments (TPM), with one

end attached to a substrate, and the other to a bead.

3.2.2 Chamber preparation

The bottom coverslip (Fisherbrand, Thermo Fisher Scientific, Waltham, MA, USA)

used to construct the microchamber supports a parafilm gasket that is cut to shape

with a laser cutter (Universal Laser Systems, VLS 860, Middletown, CT, USA) with a
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central observation section connected via narrow channels to inlet and outlet reservoirs

just beyond the edges of the top coverslip. Once the chamber is assembled it, is heated

to approximately 85◦ C on a hotplate to seal the components together and finish the

microchamber. The narrow inlet and outlet help to reduce the evaporation of the

buffer solution inside the chamber, and the triangular observation section restricted

the volume to approximately 6 µL and provided a gradient of tether densities to

optimize the utility of chambers.

The buffer used differed slightly between projects. Phosphate buffered saline

(PBS) and λ buffer (10mM Tris-HCl (pH 7.4), 200/100 mM KCl, 5% DMSO, 0.1

mM EDTA, 0.1 mg/mL α-casin, 0.2 mM DTT) were used in LacI-mediated DNA

looping experiments (discussed in this chapter). A buffer comprised of 10 mM Tris-

HCl pH 7.4, 1 mM MgCl2, 0.5 mM ATP/AMP-PNP, 1 mM DTT was used for KIF4a

compaction experiments (discussed in Chapter 3). The entire sample preparation

was conducted at room temperature (∼20◦ C) and materials were kept on ice. The

beads used in TPM measurements were 0.32 µm in diameter, streptavidin-coated

polystyrene beads (Spherotech, Lake Forest, IL, USA).

Chambers were incubated with 10 µL anti-digoxigenin at a concentration of 5

µg/mL (Roche Life Science, Indianapolis, IN, USA) in PBS at room temperature for

1 hour. The anti-digoxigenin was then rinsed out with PBS and the chambers were

then passivated with West-EZ Blocking Buffer (25 mM Tris-HCl pH 7.4, 150 mM

NaCl, 1% α-casin (w/v)) (GenDEPOT, Katy, TX, USA) for 30 min. DNA tethers

in λ buffer were then incubated in the chamber for 15 min to be anchored through

a single digoxigenin to the anti-digoxigenin-coated coverslip. The other end of the

DNA was anchored to a streptavidin-coated bead via a single biotin by adding 0.03

mg/mL beads solution in λ buffer for a 15 min incubation. Excess, untethered beads

were then flushed out of the chamber with 120 µL of λ buffer. Beads were washed

thrice in PBS and once in λ buffer before being resuspended in λ buffer prior to being
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Figure 3.2: Image of a microchamber used in experiments. A parafilm gasket is
sandwiched inbetween a large bottom coverslip and a smaller top coverslip that leaves
the narrow inlet and outlet reservoirs exposed. The chamber is heated until sealed
with a total volume of approximately 6 µL.

introduced to the chamber. An image of a typical microchamber is shown in Fig. 3.2.

3.2.3 Proteins

LacI was provided by Kathleen Matthews (Rice University). KIF4a (discussed in

Chapter 3) was provided by Radhika Subramanian (Harvard University).

3.2.4 Tethered particle motion (TPM) microscopy

Tethered particle motion (TPM) microscopy is a quite powerful, yet simple tool for

quantitative analysis of individual polymer tethers (DNA in this case) and their inter-

actions with various entities (proteins in this case). Microspheres undergo Brownian

motion while tethered to a glass substrate by an individual polymer. The bead dif-

fuses throughout a hemisphere, the size of which is dictated by the tether length. The

scatter of positions of the tethered microsphere in the XY plane is recorded to identify

the anchor point and the extent of excursions around it. The excursion amplitude, ρ,

value can be converted to the effective tether length using an appropriate calibration

curve.
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Figure 3.3: Cartoon of the TPM experimental setup. One end of the DNA tether is
anchored to a glass substrate while the other is attached to a polystyrene bead that
is subject to Brownian motion. Figure reproduced with permission from Xu (2022)
[1].

3.2.5 TPM microscope

The microscope (Leica DM LB-100, Leica Microsystems, Wetzlar, Germany) (shown

in Fig. 3.4) I used is fitted with an oil-immersion objective (N-Plan 100 × 1.4)

and a CV-A60 CCD camera (JAI, Copenhagen, Denmark). The video sequence was

digitized using an IMAQ PCI-1409 frame grabber (National Instruments, Austin, TX)

and analyzed using a custom LabVIEW (National Instruments, Austin, TX) program.

In order to avoid blurring, the exposure time of the CCD camera was minimized. The

exposure needed to be significantly quicker than the time, tb, required for the bead

to traverse its full excursion. A rough estimate is given by tb = σ2/D, where σ is the

range of motion and D≈1000 nm2/ms is the diffusion coefficient of the bead obtained

via the Stokes-Einstein relation. Typical values for tb are roughly 50 ms so I used

exposures of 1 ms to ensure the exposures are safely lower than tb. The video camera

used an interlaced format such that the even lines of each image are exposed 20 ms

after the odd lines. I analyzed the even and odd fields as independent sequences

in order to avoid blurring from this 20 ms offset. This effectively doubled the pixel

spacing in the vertical direction from 64 to 128 nm in the field of view, but had no

significant effect my determination of bead positions.
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Figure 3.4: Photograph of the TPM microscope in the Finzi-Dunlap lab used for
the measurements described in this dissertation.
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Figure 3.5: Representative trace of a bead showing looping. (A) Data of the x and
y positions of a representative bead as a function of time. Areas with lower excursion
are looping events. (B) Results of symmetry test for this representative bead.

3.2.6 TPM data collection and analysis

The XY position of each bead was recorded at 50 Hz interlaced with a custom Lab-

VIEW (National Instruments, Austin, TX, USA) program. Vibrational or mechan-

ical drift in the position of each bead was eliminated by subtracting the average

location of reference beads that were adhered to the substrate within the same field

of view [199, 200, 201]. The effective length of each tether was then calculated as

< ρ >8s=<
√

(x− < x >8s)2 + (y− < y >8s)2 >8s, in which < x >8s and < y >8s

are eight-second moving averages representing the coordinates of the anchor point of

a bead. The anchor point is determined by finding these average x and y positions.

Changes in the effective DNA tether length are represented as changes in the excursion

length of the bead [202, 203, 204]. Any beads with (x, y) position distributions with

a ratio of the major to minor axes greater than 1.07 were discarded to exclude beads

tethered by multiple DNA molecules [201]. Excursion data from the time records of

beads, in the same experimental conditions, which passed the “symmetry test” were

retained for the analysis described below.

The excursion data was summarized in histograms that in the presence of LacI, dis-
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played three peaks indicating a parallel looped conformation, an anti-parallel looped

conformation, and the unlooped state [205]. The histograms were then visually

checked to ensure the three peaks were in appropriate locations corresponding to

each of the three possible tether conformations. Once proper peak locations were

verified and data displaying extraneous peaks were discarded, the excursion data was

analyzed, by fitting the data with a function composed of a sequence of steps be-

tween the different excursion levels. For each individual trace, data where the bead

remained in one state for more than 50s was discarded as some beads would appear

to ‘lose the ability to loop,’ most likely due to a second lac repressor binding to the

O2 operator, saturating the DNA molecule’s ability to bind to LacI and therefore

form loops. Error analysis was conducted via a 100 batch bootstrapping of samples

including 1/3 of the entire dataset.

The data was initially analyzed by fitting Gaussians to the cumulative histograms

of the data and using the area under the peaks to determine the probability of the

tether being in any given conformation. The issue with this Gaussian fitting was that

the two looped conformations are so close to each other, that the Gaussians would

overlap such that identical values would be associated with different levels, leading to

inaccurate reporting of probabilities, which is why the previously described method

of data analysis was used. The analyzed data in Fig. 3.6, shows that the addition

of macromolecular crowders causes DNA to prefer the parallel conformation over the

anti-parallel conformation, while leaving the probability of the unlooped conforma-

tion relatively unchanged. One potential explanation for this is that the addition of

macromolecular crowders decreases the ‘goodness’ of the solvent causing the polymer

(DNA in this case) to favor self-interaction. Separate evidence for this explanation

is that often as crowder concentration was increased, beads tended to adhere to the

surface of the substrate, which might have been caused by DNA forming compact

globules. Additionally, it is shown that for 100 mM KCl, we see a drastic decrease
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Figure 3.6: Bar graph showing the probabilities of the anti-parallel, parallel, and
unlooped conformations under various salt and crowding conditions. N is the number
of beads for which data was included, Dx70 2.5% corresponds to a 2.5% (w/v) of
dextran 70, this notation is consistent for Dx70 5.0%, and the BSA data. The error
bars were determined via a 100 batch bootstrapping of samples including 1/3 of the
entire dataset.

in the anti-parallel loop conformation at lower levels of crowding than compared to

what we see for 200 mM KCl.

3.3 Discussion and conclusion

Although the cellular environment is highly crowded, up to 40%, most in vitro ex-

periments occur in a dilute buffer. In order to bridge the gap between in vitro and

in vivo measurements, I added macromolecular crowders to laboratory measurements

of protein-mediated looping of DNA. I observed that the addition of macromolecular

crowders caused DNA to favor the parallel loop conformation over the anti-parallel

loop conformation, while the probability of the DNA being unlooped remained rel-

atively constant. These effects were more prominent in a buffer with 100 mM KCl

than they were for 200 mM KCl. These levels of salt were chosen because they are

physiologically relevant, being similar to the 130-145 mM of NaCl found extracellu-

larly inside the human body [206], and KCl was used in these experiments because

potassium is more concentrated inside the cell.
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Chapter 4

hKIF4a compaction of DNA

4.1 Introduction to hKIF4a

hKIF4a is a chromokinesin, a member of a kinesin protein family which contains

a specific DNA binding domain, and are microtubule-motor molecules that display

chromatin binding activity and play a key role in mitotic and meiotic regulation

[207, 208, 209]. Kinesins ar adenosine triphosphate (ATP)-dependent mechanochem-

ical motor involved in the transportation of cytoplasmic cargo along microtubule

fibers. “ATP is an organic compound and hydrotrope the main function of wihch is

to provide energy to drive a variety of processes in living cells. When ATP is con-

sumed through metabolic processes, it is converted to either adenosine diphosphate

(ADP) or to adenosine monophosphate (AMP). ATP is regenerated within the human

body to such an extent that the human body recycles its own body weight in ATP

daily” [210, 211]. ATP is classified as a nucleoside triphosphate, meaning that it con-

sists of a nitrogenous base (adenine), a sugar (ribose), and a triphosphate [210, 211].

Kinesins are involved with spindle assembly, microtubule attachment at the kineto-

chores, which are protein structures associated with duplicated chromatids, chromo-

some alignment and condensation, and cytokinesis [207, 212, 213, 214]. Chromoki-
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nesins are distinct due to their ability to associate with chromosomes during mitosis.

hKIF4a is a member of kinesin 4 family that participates in various aspects of mitosis

[208]. Mitosis is the process through which a cell replicates its chromosomes and

then separates them, producing two identical nuclei prior to cell division. Mitosis is

typically followed by equal division of the genomic content of cells into two identical

daughter cells with identical genomes. All eukaryotic cells prepare for cell division

via formation of a “mitotic spindle,” which is a bipolar machine constructed of mi-

crotubules and many associated proteins. This mitotic spindle organizes previously

duplicated DNA such that one copy of each chromosome attaches to each end of the

spindle. Both the formation and the function of the spindle requires very precise

microtubule dynamics, as well as multiple motor enzyme mechanics [215]. hKIF4a is

a unique member of this group that localizes to the nucleus during interphase of the

cell cycle. Additionally, hKIF4a has been found to associate with the breast cancer

susceptibility gene product BRCA2 [207]. In the absence of hKIF4a, chormosomes

become overcondensed and shorten their axes [216].

4.2 hKIF4a utilizes ATP to compact DNA

AMP-PNP is a non-hydrolysable analogue of ATP that inhibits fast axonal transport

and facilitates the interaction between membranous organelles and microtubules [217].

For measurements, a chamber of DNA tethers attached to beads were prepared for

TPM as described in Chapter 2, using a buffer comprised of 10 mM Tris-HCl pH 7.4,

1 mM MgCl2, 0.5 mM ATP, and 1 mM DTT. Initial measurements were conducted

in chambers with bare DNA (no hKIF4a), as well as a truncated variety of hKIF4a

without the DNA binding domains. As shown in the cumulative histograms and

individual traces, the bare DNA (Fig. 4.1) and the truncated protein (Fig. 4.2)

were indistinguishable, both having average ρ values of approximately 150 nm well
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clustered and values in the probability distribution function (PDF) around ∼ 1.4 ×

10−3.

Figure 4.1: (A) Cumulative histogram for measurements in buffer solution in the

absence of hKIF4a. (B) Representative trace of a tethered bead attached to bare

DNA. Tethers in this solution had an average 2D excursion of 150 nm.

Figure 4.2: (A) Cumulative histogram for measurements in buffer solution with

a truncated version of the hKIF4a protein (50 nM) that is not expected to bind

to DNA. (B) Representative trace of a tethered bead in the presence of truncated

hKIF4a. Tethered beads exhibited an average excursion of 150 nm, consistent with

bare DNA.

Measurements with full length hKIF4a were conducted using 50 or 10 nM hKIF4a;

50 nM showed a greater extent of compaction as compared to 10 nM hKIF4a. Mea-

surements were conducted with 0.5 mM ATP or AMP-PNP. Under both concentra-

tions of hKIF4a, ATP yielded significantly higher levels of compaction compared to
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AMP-PNP, as shown in Fig. 4.3 and Fig. 4.4. In the 10 nM case, the PDF value

for the uncompacted peak had a value of ∼ 2.2 × 10−4 with ATP, and ∼ 5 × 10−4

with AMP-PNP, while with a concentration of 50 nM hKIF4a, the PDF values for

the uncompacted peak were ∼ 1× 10−4 with ATP ∼ 3× 10−4 with AMP-PNP.

Figure 4.3: (A) Cumulative histogram for 10 nM hKIF4a, 0.5 mM ATP. Out of

the 28 tethers included in this histogram, 28 showed compaction. (B) Cumulative

histogram for 10 nM hKIF4a, 0.5 mM AMP-PNP. Out of the 23 tethers included in

this histogram, only 4 showed compaction. Those four tethers showed a lesser extent

of compaction than those exposed to ATP.

Figure 4.4: (A) Cumulative histogram for 50 nM hKIF4a, 0.5 mM ATP. Out of

the 22 tethers included in this histogram, 20 showed compaction. (B) Cumulative

histogram for 50 nM hKIF4a, 0.5 mM AMP-PNP. Out of the 43 tethers included in

this histogram, only 22 showed compaction. The tethers that did show compaction

showed a lesser extent of compaction than those exposed to ATP.
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Figure 4.5: Cumulative histogram for 100 nM hKIF4a, 0.5 mM ATP. All 15 of the
tethers included in this histogram showed compaction.

Additionally, measurements with higher concentrations of hKIF4a were conducted.

Fig. 4.5 shows data for 100 nM hKIF4a with 0.5 mM ATP and in the same buffer con-

dition as described above. Interestingly, all 15 tethers recorded showed compaction

and the PDF value for the uncompacted peak on this histogram is nearly negligi-

ble, further supporting the idea that higher levels of hKIF4a lead to a higher extent

of compaction. Measurements were also conducted with concentrations of 250 and

500 nM hKIF4a; in these concentrations, all beads adhered to the surface of the mi-

crochambers, suggesting that maximum compaction was attained. This observation

of maximum compaction motivates future measurements with longer DNA tethers to

elucidate information regarding the extent to which these concentrations of hKIF4a

can compact DNA.

4.3 hKIF4a variation without ATPase compacts

DNA

Upon observing that hKIF4a utilizes ATP to compact DNA, I was interested in

seeing whether or not a variation of hKIF4a with the ATPase deleted would be able
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to compact DNA. ATPases are a class of enzymes that catalyze the hydrolosis of a

phosphate bond in ATP, decomposing it to ADP and a free phosphate ion [218]. These

measurements were conducted with concentrations of 20 nM and 200 nM hKIF4a

mutatant (Fig. 4.6), with the 20 nM case having a PDF value for the uncompacted

peak of ∼ 2.7× 10−4, and the 200 nM case having a PDF value of ∼ 0.5× 10−4 This

shows that the DNA binding sites alone enable hKIF4a to compact DNA. This, along

with the data from Figs. 4.3 and 4.4, show that both the DNA binding sites, and the

ATP-fueled motor domain contribute to the compaction of DNA.

Figure 4.6: Cumulative histograms for variation of hKIF4a without ATPase. (A)

Cumulative histogram for 20 nM hKIF4a mutation. Out of 17 tethers included in

this histogram, 11 showed compaction. (B) Cumulative histogram for 200 nM hKIF4a

mutation. Out of 26 tethers, 22 showed compaction.

4.4 BSA may aide hKIF4a in compaction of DNA

Next, I wanted to investigate the effects of crowding on hKIF4a-mediated compaction

of DNA using BSA as a macromolecular crowder. These measurements were difficult

due to both hKIF4a and BSA inducing sticking of beads to the surface of the mi-

crochamber. Control data is shown in Fig. 4.7, with 5% BSA (w/v) in the absence

of hKIF4a. I was only able to record two beads throughout these measurements

(Fig. 4.8), both of which showed a much greater level of compaction than the mea-
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Figure 4.7: Control data for 5% BSA (w/v) in the absence of hKIF4a, no compaction
is observed.

surements without BSA. The values for the uncompacted peak in the PDF were as

follows, ∼ 4.5 × 10−4 in the presence of BSA, but without hKIF4a, and ∼ 2 × 10−4

in the presence of both BSA and hKIF4a. It is important to note that the PDF

value reported from the histogram in the presence of both BSA and hKIF4a contains

600s of data prior to the addition of BSA and hKIF4a. These measurements were

conducted with AMP-PNP, which yielded very little compaction in the absence of

BSA. The first bead that was recorded, Fig. 4.8B, did not have either hKIF4a or

BSA for the first 600s of the measurement. That first 600s is the only section of the

cumulative histogram that does not show compaction. This is potentially evidence

for the impact that macromolecular crowding could have during the cell cycle.
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Figure 4.8: (A) Cumulative histogram for 50 nM hKIF4a, 0.5 mM AMP-PNP and

5% BSA (w/v). Only two tethers were able to be included in this histogram. This

is because both hKIF4a and BSA induce sticking of beads inside the microchambers,

making measurements difficult. Both beads that did not stick showed much higher

levels of compaction than were observed in the BSA-free case. (B) A trace from a bead

that did not have hKIF4a or BSA for the first 600s of the measurement, once hKIF4a

and BSA were added to the chamber, immediate gradual compaction of the DNA

was observed. (C) A trace during which hKIF4a and BSA were in the microchamber

throughout the measurement.

4.5 Discussion and conclusions

hKIF4a is a protein that is of key importance to the cell cycle. Using TPM measure-

ments, I have shown that hKIF4a compacts DNA, more-so with ATP than AMP-PNP.

I found that ATP compacts almost twice as much as DNA tethers with AMP-PNP

for 10 nM hKIF4a, and approximately three times as much for 50 nM hKIF4a. It
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was also shown that 100 nM hKIF4a compacted every DNA tether to some degree,

while 250 nM and 500 nM hKIF4a likely induced maximum compaction of DNA such

that all tethers condensed full to the surface of microchambers. The possibility of

maximum compaction of DNA by higher concentrations of hKIF4a motivates further

experiments with longer DNA tethers. Measurements of a hKIF4a variation without

ATPase showed that the DNA binding sites alone are able to compact DNA. It was

also observed that through measurements with BSA that macromolecular crowding

may strongly enhance the compaction of DNA via hKIF4a. It is currently difficult

to quantify the effects of BSA on hKIF4a DNA compaction, due to the 600 seconds

of data in the absence of BSA and hKIF4a, shown in Fig. 4.8 B. The 600 seconds

of data artificially inflates the value of the PDF, and yet the PDF value for the BSA

and hKIF4a measurements is lower than the PDF value for the same measurements

in the absence of BSA.
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Chapter 5

Conclusion

To summarize this dissertation, I conducted an extensive survey of the literature

about the effects of macromolecular crowding on DNA structure and identified three

specific areas where research is lacking and provided motivation for investigation on

those gaps. This is motivated by the fact that the cellular environment is highly

crowded, while many laboratory measurements are conducted in dilute buffer, so in-

troducing macromolecular crowders to laboratory settings is one step towards bridging

the gap between in vivo and in vitro measurements. The first area in the literature

that requires further research is using physiologically relevant crowders such as RNA

or proteins, as opposed to synthetic polymers as crowders such as PEG or dextran.

The second gap in the literature I identified was that most measurements investigat-

ing macromolecular crowders only use one size crowder at a time while the cellular

environment contains crowding agents of varying sizes; this motivates further exper-

iments with multiple sized crowders simultaneously. The final gap in the literature

identified involves the connection between liquid-liquid phase separation (LLPS), the

cellular environment, and macromolecular crowding. LLPS is critical to the formation

of droplets and membraneless organelles within the highly crowded cell, additionally,

macromolecular crowding has been shown to facilitate LLPS, yet the connection be-
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tween macromolecular crowding and LLPS with biologically relevant materials has

never been empirically proven.

The next chapter of this dissertation focused on my experimental works involving

tethered particle motion measurements on the effects of macromolecular crowding

on protein-mediated looping of DNA. In tethered particle motion experiments, a

DNA tether is anchored to a substrate on one end and a protein-coated bead on the

other end, this bead is subject to Brownian motion where it traverses a hemisphere

with a radius dictated by the tether length. The 2D projection of the bead’s lo-

cation is recorded as a function of time as the bead traverses the hemisphere. For

protein-mediated looping, there are two possible loop conformations, parallel and

anti-parallel, as well as the unlooped conformation. The two looped conformation

and the unlooped conformation are distinguished by the effective tether length, which

is determined through analysis of the recorded 2D projection of beads location as a

function of time. I conducted tethered particle motion experiments to investigate the

effects of various concentrations of dextran 70 and bovine serum albumin (BSA) on

LacI-mediated looping of DNA. From these measurements it was observed that when

subject to macromolecular crowding, DNA favors the parallel loop conformation over

the anti-parallel loop conformation, while the probability of DNA remaining unlooped

is unaffected by crowding.

The fourth chapter of this dissertation focuses on further tethered particle motion

experiments investigating hKIF4a compaction of DNA. KIF4a is a chromokinesin

that has been hypothesized to contribute to the organization of mitotic chromosomes

and the formation of chromosomal scaffolding. Measurements were initially conducted

with bare DNA as a control measurement, followed by measurements with a truncated

version of the protein with the DNA binding domain removed, which was indistin-

guishable from the bare DNA case. Measurements were then conducted with using

10 nM and 50 nM wild-type hKIF4a in the presence of ATP and AMP-PNP through
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which it was observed that hKIF4a compacts DNA more efficiently in the presence

of ATP, when compared with AMP-PNP. Further measurements with higher con-

centrations of wild-type hKIF4a showed that 100 nM compacted every DNA tether

recorded, while 250 nM hKIF4a most likely maximally compacted every tether into

tight globules such that all beads adhered to the surface of the substrate. The next

set of experiments involved a variation of hKIF4a with the ATPase deleted at both

20 nM and 200 nM concentrations in the presence of ATP. This variation of hKIF4a

compacted DNA to a greater extent than the wild-type hKIF4a in the presence of

AMP-PNP, but to a lesser extent than the wild-type hKIF4a in the presence of ATP.

The final set of experiments investigated the effects of macromolecular crowding on

hKIF4a compaction of DNA; measurements began with a control sample that con-

tained 5% BSA (w/v) and no hKIF4a. Upon adding 50 nM hKIF4a to samples with

5% BSA significant levels of DNA compaction were observed.
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