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HMGB1 is an architectural DNA binding protein that plays an important role in modulating

chromatin compaction, facilitating protein factor binding to chromatin, and numerous other nu-

clear processes. In this thesis, I explored HMGB1 movement and binding dynamics on DNA and

nucleosomes to better understand how HMGB1 interacts with these nucleic acids and nucleoprotein

complexes.

Within the nucleus, HMGB1 is capable of rapidly navigating through the complexities of the

chromatin environment. However, it is unclear what interaction mechanisms facilitates HMGB1s

high mobility within the nucleus. In Chapter 2, I used single molecule Total Internal Reflection

Fluorescence Microscopy (TIRF-M) to explore the roles that each of the individual HMGB1 do-

mains play in modulating its movement speed on a dense surface of DNA molecules. In addition,

I studied how varying the density and length of the immobilized DNA influenced HMGB1 move-

ment characteristics and examined the implications that electrostatic interactions have on driving

HMGB1 movement. I discovered that each of HMGB1’s domains work together to modulate its

movement speed, that reducing the density or length of the immobilized DNA drastically reduced

its presence on the DNA surface, and that electrostatic interactions facilitate HMGB1’s movement.

The culmination of these findings provides a framework for describing the mechanisms that allow

for HMGB1 to move between DNA and ultimately contribute to our understanding of how this

protein interacts with chromatin.

Nuclear HMGB1 can function as an architectural factor by operating as a DNA chaperone to

facilitate the binding of nearby transcription factors to their cognate DNA binding sites. Currently,

it is known that HMGB1 is capable of interacting with the nucleosome by binding to the linker
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DNA at the entry/exit junctions and that its negatively charged C-terminal tail is capable of

interacting with the histone H3 N-terminal tail. However, it is unclear how these interactions

facilitate HMGB1’s positioning onto the nucleosome and kinetics with which it interacts with

nucleosomes. In Chapter 3, I used single molecule TIRF-M to study the on/off binding kinetics

of HMGB1 on nucleosome particles. HMGB1 exhibited on/off binding behaviors on nucleosomes;

however, the data were not reproducible across multiple replicates. In an attempt to overcome the

irreproducibility issue, I simplified the system by examining HMGB1 on/off binding on free DNA,

but HMGB1 on/off binding kinetics was still inconsistent between experimental replicates. It is

unclear what causes the reproducibility issues, but these could result from heterogeneity in protein

preparations over time.
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Chapter 1

Interactions of HMGB proteins with the Genome and the Impact on Disease

Adapted from: Voong,C.K., Goodrich,J.A., and Kugel,J.F.(2021) Interactions of HMGB proteins

with the genome and the impact on disease.Biomolecules.11:1451

High Mobility Group Box (HMGB) proteins are small architectural DNA binding proteins

that regulate multiple genomic processes such as DNA damage repair, nucleosome sliding, telomere

homeostasis, and transcription. In doing so they control both normal cellular functions and impact

a myriad of disease states, including cancers and autoimmune diseases. HMGB proteins bind to

DNA and nucleosomes to modulate the local chromatin environment, which facilitates the binding

of regulatory protein factors to the genome and modulates higher order chromosomal organiza-

tion. Numerous studies over the years have characterized the structure and function of interactions

between HMGB proteins and DNA, both biochemically and inside cells, providing valuable mech-

anistic insight as well as evidence these interactions influence pathological processes. This review

highlights recent studies supporting the roles of HMGB1 and HMGB2 in global organization of the

genome, as well as roles in transcriptional regulation and telomere maintenance via interactions

with G quadruplex structures. Moreover, emerging models for how HMGB proteins function as

RNA binding proteins are presented. Nuclear HMGB proteins have broad regulatory potential to

impact numerous aspects of cellular metabolism in normal and disease states.
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1.1 Introduction

High mobility group (HMG) proteins play essential roles in normal cellular biology by func-

tioning in several intracellular and extracellular capacities. These proteins also contribute to the

molecular mechanisms behind the pathology of many disease states, making understanding their

regulatory mechanisms particularly important. There are three superfamilies of HMG proteins:

HMG AT-Hook (HMGA), HMG nucleosome binding (HMGN), and HMG box (HMGB) proteins.

The first members of the HMG family were discovered in the 1970s and were initially characterized

by their fast migration in an acidic polyacrylamide gel (hence their name) [1]. Within the nucleus,

HMG proteins function as architectural DNA binding proteins that dynamically interact with chro-

matin, thereby modulating DNA-dependent processes. This includes impacting the accessibility of

nucleosomal DNA to facilitate protein factor binding, as well as impacting the higher order organi-

zation of chromatin structure, thereby regulating DNA replication, DNA repair, transcription, and

chromatin remodeling [2]. Each protein within the HMG super family contains one or more HMG

domains that define its mechanism of interaction with DNA and/or the nucleosome core particle [3]

(Figure 1.1). In addition, most HMG proteins contain regulatory domains, typically a C-terminal

acidic tail, that can control interactions with the genome or other proteins. After briefly introduc-

ing the HMGA and HMGN families of proteins, this Chapter focuses on the HMGB proteins and

recent work describing their roles in organizing higher order chromatin structure genome -wide and

in binding specific DNA structures and cellular RNAs, ultimately contributing to the regulation of

genomic processes in specific disease states.

1.1.1 The DNA and Nucleosome Binding Properties of HMGA and HMGN Pro-

teins

The HMGA protein family consists of HMGA1, its splicing variants HMGA1a, HMGA1b,

HMGA1c, and HMGA2, which are encoded by the HMGA1 and HMGA2 genes respectively [4].

The HMGA proteins interact with DNA and nucleosomes through their unstructured AT hook



3

Figure 1.1: Schematic showing the domains in HMG family proteins. Abbreviations: AT, AT
hook; C-tail, C-terminal acidic tail; NLS, nuclear localization sequence; NBD, nucleosome binding
domain; RD, regulatory domain; A box, HMG box A; and B box, HMG box B.
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domains (Figure 1.1), which become structured upon binding to DNA[5, 6]. HMGA proteins

preferentially bind to the minor groove of DNA containing AT-rich stretches [7, 8]. They mediate

transcriptional activation by promoting the decompaction of chromatin by binding the linker DNA

between histones in competition with histone H1[9, 10]. HMGA proteins also coordinate with

other members of the HMG family to modulate the compaction and higher order architecture of

chromatin, thereby impacting a number of biological processes that occur on the genome[4, 6].

The HMGN protein family consists of five members: HMGN1, HMGN2, HMGN3, HMGN4,

and HMGN5. These proteins contain a conserved nucleosomal binding domain, a nuclear localiza-

tion signal, and a C-terminal regulatory domain (Figure 1.1). The HMGN proteins directly bind

nucleosome core particles via a conserved eight amino acid sequence in the nucleosome binding

domain that interacts with an acidic patch on the H2A/H2B dimer, in conjunction with DNA in-

teractions that occur near the entry/exit point of the nucleosome core[11]. HMGN proteins do not

displace H1, but instead bind simultaneously [12]. In addition, HMG proteins can promote the post

translational modifications of the core histones by enhancing the activity of histone modifiers [13].

This helps de-compact chromatin structure and affects the expression of genes and other biological

processes that occur on the genome.

1.1.2 The HMGB Proteins Bind Diverse DNA Structures and Interact with

Histone Proteins

There are four members in the HMGB family: HMGB1, HMGB2, HMGB3, HMGB4. These

proteins are characterized by their domains that bind to DNA in a structure-specific manner [14].

Within the nucleus HMGB proteins are highly abundant and ubiquitously expressed; there are

approximately 106 molecules of HMGB1, averaging 1 molecule per 10-15 nucleosomes [14, 15].

HMGB proteins function as architectural DNA binding proteins by modulating the local envi-

ronment of the chromatin to facilitate the binding of regulatory proteins that are important for

genomic processes such as transcription and DNA repair. Mammalian HMGB proteins contain

two HMG box domains and an acidic C-terminal tail (Figure 1.1), except for HMGB4, which lacks
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the acidic C-terminal tail [16]. HMGB proteins can be post-translationally modified to influence

their interactions with DNA, protein partners, and cellular localization. For example, HMGB1 can

undergo acetylation, phosphorylation, methylation, ribosylation, and oxidation, creating a complex

repertoire of potential regulatory mechanisms [17, 18].

The structure of each HMG box consists of three alpha helices folded into an L shaped con-

formation [19–21]. Each individual HMG box can bind to DNA in a manner that is not sequence

specific, but is sensitive to the structure of the DNA [14]. The proteins show an increased affinity

for non-B form distorted DNA structures (illustrated in Figure 1.2, such as cisplatinated DNA [22],

cruciform DNA [23], single stranded DNA [24], supercoiled DNA [25], hemi catenated DNA [26],

and DNA mini circles [27]. Moreover, atypical DNA structures can form in cells and play a role

in regulating genomic processes through interactions with architectural and regulatory proteins

[28, 29]. When the HMG boxes bind double stranded DNA, they induce the DNA to bend via

specific amino acids that intercalate into the double helix and induce deformation [30]. The acidic

C-terminal tails on HMGB proteins are unstructured and consist of streteches of glutamine and as-

partate amino acid residues. The acidic C-terminal tail of HMGB1 makes extensive intramolecular

interactions with its two DNA binding domains, which dampen its ability to bind and bend DNA

[31–37], impacting the ability of HMGB1 to regulate transcriptional activity [38, 39].

In the context of chromatin, HMGB proteins can make specific interactions with both the

DNA and histone proteins. HMGB proteins have been shown to bind to the linker DNA near the

entry/exit junction of the nucleosome [40]. The C-terminal tail of HMGB1 can bind to histone

H1, facilitating displacement of the linker histone, allowing HMGB1 to bind the linker DNA to

induce nucleosome remodeling and organization of the chromatin [9, 41–43]. Furthermore, studies

have shown that HMGB1 interacts with the histone H3 N-terminal tail, which could facilitate its

binding to chromatin [38, 44]. It has been proposed that when HMGB proteins bind chromatin

they locally modify the structure by bending the DNA and facilitating the binding of regulatory

proteins such as transcription factors, chromatin remodelers, and DNA damage repair machinery

[14, 45, 46]. For example, data suggest that HMGB1 facilitates binding of p53 [47] and estrogen
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Figure 1.2: HMGB1/2 can bind to a myriad of DNA structures. The light blue cylinder
represents a nucleosome, and the dark blue oval represent HMGB1/2
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receptor [48], among other transcription factors[49].

As a function of their interaction with chromatin, HMGB proteins control several genomic

processes in response to specific biological cues; therefore, they are essential regulators of cellular

programs, for example senescence [50–54] as well as disease states, including cancer, autoimmune

diseases, and inflammation [55]. Interestingly, HMGB1, in addition to its roles on the genome, has

critical roles in both the cytoplasm and extracellularly. Within the cytoplasm, HMGB1 plays a role

in the induction of autophagy, in mitochondrial quality control, and in mitochondrial DNA repair

[56–58]. The secretion of HMGB1 into the extracellular matrix has been widely studied, where

HMGB1 can act as a pro-inflammatory cytokine molecule by binding to cell surface receptors, such

as the receptors for advanced glycation end products (RAGE) and toll like receptor 4 (TLR4),

which stimulate the pro-inflammatory response [18].

The focus of this review is on the roles of HMGB proteins in the nucleus, emphasizing recent

studies that demonstrate how HMGB interactions with the genome control a diversity of cellular

programs. Also discussed is recent evidence characterizing HMGB protein interactions with G-

quadruplex structures that form in promoters and at telomeres, as well as a growing body of data

showing that different types of cellular RNA could be important regulatory partners for HMGB

proteins. Although the focus of this review is mammalian HMGB proteins, it is worth noting that

Saccharomyces cerevisiae Nhp6, a yeast counterpart to HMGB1/2, has been extensively investigated

using structural, biochemical, and biophysical approaches, which provide important insight into how

HMG boxes interact with DNA and chromatin [59–62].

1.2 HMGB Proteins Regulate Genome Organization

An important aspect of regulating gene expression is controlling the higher order three-

dimensional organization of the genome, such as inter- and intra-chromosomal interactions. Ar-

chitectural proteins play an important role in this process. For example, topologically associating

domains (TADs) are large looped regions of chromatin in which distal areas of chromosomes are

brought together with one another to create chromosomal territories within the nucleus that mod-
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ulate gene transcription [63]. This three-dimensional architecture can be mapped genome wide

using chromosome conformation capture techniques such as Hi-C. Hi-C can be used to identify

TAD boundaries, which are often demarcated by the binding of the architectural protein CTCF

(CCCTC-binding factor) and the protein complex cohesion [63]. In addition to higher-order genome

organization, gene expression is controlled by regulating the compaction of chromatin [64]. Highly

compacted heterochromatin silences gene expression and is marked by specific repressive histone

modifications such as H3K9 methylation, while euchromatin is considered less compacted and con-

tains more activating histone modifications such as acetylation and H3K4 methylation [65]. Only

recently have genome-wide views of HMGB protein occupancy has been revealed, providing new

insight into how these proteins control both higher order genome organization and chromatin struc-

ture.

1.2.1 Regulation of Chromatin Organization and Structure During Senescence

Cellular senescence is a stable arrest of the proliferative state that can be induced by a variety

of internal and external stresses, such as prolonged DNA damage, shortening the telomere ends, and

oncogene activation [66]. One signature of cellular senescence is the alteration of chromatin struc-

ture. HMGB2 is important during replicative senescence. Recent work has shown that HMGB2

is depleted from the nucleus upon entry into cellular senescence, resulting in reorganization of the

genome and changes in transcriptional activity [51]. Specifically, using a combination of chromo-

some conformation capture (Hi-C assays) and ChIP-seq, it was found that that HMGB2 functions

to modulate the global chromatin structure and expression of genes found within topologically asso-

ciating domains (TADs) by insulating against the clustering of CTCF proteins (Figure 1.3). Upon

senescence entry when HMGB2 was exported from the nucleus, loss of HMGB2 resulted in the

clustering of CTCF molecules, as seen in fluorescence imaging, and the compaction of chromatin

[51]. The reorganization of TADs was further validated by ChIP-seq data that showed HMGB2

bound to looped TAD regions prior to senescence, helping demarcate the boundaries of sub-TAD

regions. HMGB2 was bound to genes involved in senescence processes, such as extracellular matrix
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Figure 1.3: HMGB1/2 serves to insulate the interactions between CTCF proteins and
demarcate the boundaries of TADS

reorganization and cellular aging [51]. Upon senescence and the loss of genome-bound HMGB2, the

change in genome architecture led to changes in heterochromatin formation and ultimately gene

expression. This included an increase in HP1α, a heterochromatic binding protein, and changes in

core histone markers, such as a decrease in H3K27me3, consistent with a transition from facultative

to constitutive heterochromatin upon senescence entry [51].

Recent work shows that HMGB1 also interacts with specific regions of the genome in prolif-

erating cells and is depleted from the nucleus during entry into senescence [50]. Moreover, HMGB1

can be secreted into the extracellular matrix and induce senescence of nearby cells through paracrine

signaling, thus playing a dual role in regulating senescence [50]. Within the nucleus, ChIP-seq of

HMGB1 showed that the level of chromatin bound HMGB1 decreased upon entry into senescence

[50]. Combining these data with Hi-C data revealed that in proliferative cells HMGB1 bound to

TAD looped regions and marked a subset of senescence-associated TAD boundaries. Moreover,

the HMGB1 clusters were bound to senescence-associated genes [50]. Upon cellular senescence,

HMGB1 clusters were disrupted, and the TADs collapsed to form larger domains, similar to what

was observed with HMGB2 [51]. This reorganization of the TAD domains as a function of HMGB1

loss during cellular senescence drives the expression of senescence associated genes and the down-

regulation of proliferation associated genes.
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Figure 1.4: Loss of HMGB2 during Oncogene Induced Senescence promotes the spread of
heterochromatic marks (triangles) into the SASP gene loci.

During oncogene induced senescence (OIS), which can be caused by mutations in oncogenes

such as RAS, BRAF, AKT, E2F1, and cyclin E [66], chromosome condensation occurs to form

senescence-associated heterochromatic foci (SAHF), which can be detected as bright punctum in

DAPI (4’-6’-Diamidino-2-phenylindole) cell staining [67]. The formation of SAHF has been found

to proceed the assembly of HP1 proteins, macroH2A, and H3K9Me onto chromosomes [68], which

are all markers of heterochromatin and gene silencing. The binding of HMGB proteins to chro-

matin during OIS plays an important role in modulating the structure of chromatin during the

formation of SAHF. During OIS HMGB2 modulates the expression of senescence-associated secre-

tory phenotype (SASP) protein factors through regulating the chromatin structure of these genes.

SASP involves the expression and secretion of cytokines, chemokines, growth factors, metallopro-

teases, and lipids by senescing cells, which can influence immune responses via paracrine signaling

[66]. Using chromatin immunoprecipitation followed by sequencing (ChIP-seq), HMGB2 was found

bound to SASP gene loci to promote the expression of SASP factors, such as IL1α, IL8, and IL6

[52]. Knockdown of HMGB2 influenced the global formation of SAHFs by decreasing the percent-

age of identifiable heterochromatic foci and increasing the spread of heterochromatic marks into

the SASP gene loci, thereby silencing the expression of SASP factors and further compacting the

genome [52] (Figure 1.4). Thus, HMGB2 promotes SASP gene expression by keeping SASP gene

loci from being silenced by heterochromatin.
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1.2.2 Regulation of the Cardiac Genome by HMGB2

A relationship between HMGB2 and cardiovascular disease was revealed through mass spec-

trometry experiments that identified chromatin-associated proteins in the hearts of mice in various

stages of heart disease [69]. Changes in the chromatin proteome were consistent with global changes

to chromatin structure and accessibility. For example, the reprogramming of post-translational

modifications on histones and changes in the levels of architectural proteins that control chromatin

structure, including HMGB2, were observed. Knockdown of HMGB2 in cardiac myocytes changed

gene expression programs related to cell growth and cardiac function and changed overall levels of

histone modifications, which suggested a shift toward euchromatin [69]. Further investigation of

the molecular role of HMGB2 in orchestrating chromatin organization and gene expression revealed

locations across the genome in cardiac cells that were bound by HMGB2 [70]. A comparison with

the genomic occupancy of CTCF showed that HMGB2 and CTCF share gene targets; however,

these proteins did not bind genes simultaneously in ChIP re-ChIP experiments and they did not

colocalize in super-resolution imaging of myocyte nuclei. This leads to a model whereby there is a

reciprocal relationship between these two architectural proteins in regulating chromatin organiza-

tion of the cardiac genome [70]. This in turn helps define the changes in gene expression that occur

during the development of cardiac disease.

1.2.3 Regulation of Genome Organization in a Human Malaria Parasite

A recent study has highlighted a conserved role for HMGB proteins in organizing the genome

of a parasite during infection. HMGB1 from the malaria parasite Plasmodium falciparum (pfH-

MGB1) is important for organizing the higher order conformation of the parasite genome [71].

During infection, pathogenesis involves the transcription of a family of variant malaria genes that

express different surface antigens to help escape host immune responses [72]. Expression of family

members is mutually exclusive; thus, each malaria parasite only expresses a single variant gene

at a given time. This differential expression is controlled by the architectural organization of the
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variant genes and the localization of individual genes within centromeric or telomeric chromatin

domains [73–75]. Recent experiments showed that pfHMGB1 is critical for maintaining the cen-

tromere/telomere genome organization that controls expression of the variant genes that are critical

for pathogenesis [71]. pfHMGB1 was found localized to the centromeres of all 14 P. Falciparum

chromosomes by ChIP-seq, along with the centromere-specific H3 variant CenH3 [71]. Upon knock-

out of pfHMGB1, the structural composition of the centromeres became destabilized, decreasing

the intermolecular interactions between centromeres. The disrupted nuclear organization was re-

stored by complementation with the pfHMGB1 gene. Moreover, the HMGB1-dependent changes

in genome organization correlated with HMGB1-dependent changes in expression of variant genes.

pfHMGB1 knockout downregulated expression of variant genes, which could also be rescued by com-

plementation. Therefore, in the context of the malaria genome, pfHMGB1 is a critical regulator of

genomic architecture, which in turn impacts the pathogenesis of malaria infection.

1.3 HMGB Proteins Bind G-Quadruplexes with Potential Effects on Cancer

HMGB1 and HMGB2 are capable of binding to non-B form DNA structures with high affinity,

such as those found in cisplatinated DNA, cruciform DNA, and bent-DNA (see Figure 1.2). More

recently, HMGB1 has been shown to bind G-quadruplex (G4) DNA structures, and in doing so could

influence the activity of the enzyme telomerase [76, 77] and transcription of the KRAS oncogene [78]

(Figure 1.5). G4 structures form through the self-association of guanines to form stacked tetrads

and could serve to regulate cellular processes that occur on the genome [79, 80]. Within the human

genome, there are approximately 700,000 G4 structures experimentally identified by G4-seq [81],

which are enriched in transcriptionally regulated regions [82]. G4 structures are often found in

oncogene promoters, such as the KRAS oncogene [83] and on the ends of telomeres [84] suggesting

the G4 structures are important in cancer progression and telomere maintenance.
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Figure 1.5: HMGB1 binding to the KRAS and Telomeric G4-quadruplex.
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1.3.1 The HMGB1 Protein Binds Telomeric G-Quadruplex DNA and Affects the

Activity of Telomerase

The dysregulation of telomerase in tumor cells can affect the progression of tumor growth and

cellular immortalization due to disruption of the maintenance and extension of the telomeric ends

of chromosomes [85]. Proper maintenance of telomeres requires the catalytic activity of the en-

zyme telomerase, which contains an RNA template that complements the single stranded telomeric

overhangs that form after each successive DNA replication. A role for HMGB proteins in telomere

homeostasis is beginning to be uncovered. Knockout of HMGB1 in mouse embryonic fibroblasts

resulted in decreased telomerase activity, whereas its overexpression increased telomerase activ-

ity [76]. Further studies showed that down-regulation of HMGB1 increased the radiosensitivity

of human breast cancer cells by dysregulating telomere homeostasis [86]. However, how HMGB1

affects telomerase activity and whether this requires interaction with telomeric DNA were unclear.

Recently, HMGB1 was shown to colocalize with TRF1, a telomeric binding protein, and to localize

to telomeres via ChIP [78]. Knockdown of HMGB1 in these cells resulted in an increase in DNA

damage at telomere ends as measured by the accumulation of γH2AX, a histone variant that is a

marker for DNA damage. These data suggest that the binding of HMGB1 at telomeric ends could

serve to protect the ends of chromosomes from damage [78, 85]. Telomere ends contain guanine-rich

DNA repeat sequences (TTAGGG) that have the propensity to fold into G4 structures [87] (Figure

1.5, right panel). Recent studies investigated the binding of telomeric G4 structures by HMGB1

using structural and biophysical approaches, characterizing in detail the parameters that govern

this interaction [78]). Although HMGB1 binds to the G4 telomeric structures and localizes to the

telomere ends, it remains unclear whether HMGB1 can facilitate the assembly of the telomerase

machinery onto G4 structures.
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1.3.2 HMGB1 Binds a G-Quadruplex in the Promoter of the KRAS Oncogene

and Regulates Its Transcription

The KRAS gene encodes for a small GTPase transducer that is implicated in the RAS/MAPK

signaling pathway. KRAS is upregulated in many cancers, and mutations in the KRAS gene can

cause expression of aberrant KRAS proteins that promote the transformation of normal cells into

cancerous cells by promoting cellular proliferation, survival, and cancer progression [88]. The

promoter of the KRAS gene contains a guanine–rich element that folds into a parallel G4 DNA

structure [89]. Stabilization of this G4 structure silences KRAS transcription [89, 90]. The protein

hnRNPA1 has been shown to bind and destabilize the KRAS G4 structure, resulting in transcrip-

tional activation [91]. Recently, biophysical studies found that HMGB1 can bind to the KRAS

G-quadruplex structure with high affinity and stabilize the structure [92] (Figure 1.5, left panel).

Importantly, knockdown of HMGB1 led to an increase in KRAS expression, supporting the model

that HMGB1 binding to the KRAS G4 structure in cells results in transcriptional repression of

the KRAS gene and decreased expression of the KRAS protein [92]. Given the role of KRAS in

cancer, and the propensity of other oncogene promoters to contain G4 structures, this regulatory

mechanism involving HMGB1 warrants further investigation.

1.4 A New Regulatory Role for HMGB Proteins as RNA Binding Factors

HMGB proteins are known to be architectural DNA binding proteins; however, a growing

body of evidence shows that HMGB proteins can also function as RNA binding proteins. Al-

though the biological roles and diversity of RNA targets remain to be revealed, data suggest that

HMGB/RNA complexes have the potential to play important regulatory roles in the cell. Early

evidence of HMG proteins binding to RNA was provided by the discovery that the drosophila HMG

protein (HMG-D) binds to the minor groove of the transactivation response region (TAR) A-form

RNA from HIV-1 and to the rev binding protein element RNA [93]. Other studies found that re-

combinant rat HMGB1 bound to the long branched E.Coli 5S rRNA and the Azoarcus ribozyme in
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vitro with high affinity, and in the latter case HMGB1 influenced RNA splicing activity [94]. More

recently HMG box proteins were found in proteomics screens aimed at comprehensively identifying

RNA binding domains in human cells [95, 96]. As studies of interactions between specific RNAs and

HMGB proteins grow, a clearer view of this regulatory interaction is likely to be revealed (Figure

1.6).

1.4.1 HMGB1 Coordinates RNA Metabolism During Senescence Entry

sCLIP (simplified Cross-Linking and Immuno-Precipitation), a high-throughput sequencing

method used to identify RNA-protein interactions after crosslinking [97], was used to identify RNA

binding partners for HMGB1 in proliferating IMR90 cells [50]. This resulted in identification of

non-coding RNAs and senescence-related mRNAs, as well as mRNAs that encode regulators of

splicing and chromatin reorganization [50]. Knockdown of HMGB1 altered the splicing of many of

its target mRNAs, a portion of which also showed changes in splicing during senescence, suggesting

a functional role for HMGB1 in mRNA processing during cellular senescence. In addition, identify-

ing the HMGB1 interactome revealed a myriad of RNA binding proteins (RBPs) that are regulated

during senescence, and the mRNAs of some of the RBPs were also bound by HMGB1 [50]. It is

possible that a regulatory circuit involving HMGB1/mRNA/RBP interactions participates in regu-

lating senescence and mRNA splicing. Interestingly, studies of the HMGB1 interactome in prostrate

epithelial cells identified, among other proteins, members of the SR protein family (SRSFs) [98],

which are involved in the regulation of RNA splicing, and were also identified as HMGB1 partners

in IMR90 cells during senescence [50]. Other studies have shown a relationship between HMGB1

and SRSF3 in controlling the expression and secretion of the IL-1β mRNA [99], a proinflamma-

tory cytokine that plays a role in SASP activation [100, 101]. Further investigations probing how

HMGB1 interactions with RNA binding proteins and mRNAs modulate gene expression will likely

provide novel insight into new regulatory mechanisms in diverse cell types and diseases.
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Figure 1.6: HMGB1/RNA interactions can modulate the stability of the HMGB1 protein within
the cell as well as a number of cellular processes
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1.4.2 HMGB1 Interacts with Long Noncoding RNAs to Control Disease States

Long non-coding RNAs (lncRNAs) have been implicated to have roles in a diversity of cellular

processes and diseases [102]. It was recently reported that HMGB1 associates with the brain specific

DNA damage related lncRNA1 (BS-DRL1) [103]. Data suggest that binding of HMGB1 to BS-

DRL1 in neuronal cells directs HMGB1 to sites of DNA damage on chromatin to help facilitate the

repair process. Knockdown of BS-DRL1 resulted in decreased HMGB1 binding to chromatin and

an increase in DNA breaks, but decreased DNA damage response signaling [103]. Association of

HMGB1 with BS-DRL1 is mediated through the N-terminus of the protein, and disruption of this

interaction impacted the integrity of the genome by increasing the accumulation of DNA damage,

motor dysfunction, and neurodegeneration. Together these results provide compelling evidence

that an interaction with a non-coding RNA controls the ability of HMGB1 to bind chromatin in

response to DNA damage in neurons.

In a different biological system, the interaction of HMGB1 with an lncRNA was found to

reduce degradation of HMGB1 within the cell and promote tumor cell growth [104]. In multiple

myeloma cells, HMGB1 was found to associate with the lncRNA MALAT-1 in a pull-down assay.

Interestingly, knockdown of MALAT1 increased the degradation of HMGB1, and increased its

ubiquitination, which suggested a potential mechanism for degradation. Treatment with siRNA

against MALAT-1 increased apoptosis of the multiple myeloma tumor cells, which was attenuated

by expression of HMGB1 [104]. This regulatory network provides new insight into the pathological

process of multiple myeloma. It will be interesting to learn of other interactions between HMGB1

and lncRNAs and the mechanisms by which these interactions influence multiple diseases.

1.5 Conclusions and Future Directions

To summarize, HMGB proteins are the most abundant non-histone chromatin binding pro-

teins in the nuclei of mammalian cells. The HMGB proteins are well known for modulating the

local chromatin environment, facilitating the binding of other proteins to chromatin, and control-
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ling nuclear processes such as transcription, DNA damage repair, and nucleosome sliding. Recent

evidence shows that the role of HMGB proteins in the nucleus extends to regulating global chro-

matin architecture, telomere maintenance, cellular senescence, and RNA biology. For example,

the loss of HMGB1/2 from the nucleus results in the reorganization of genome architecture, which

has direct implications for gene expression and ultimately the progression of cancers [51, 52], car-

diovascular diseases [70, 105], and parasitic immune evasion [71]. The binding of HMGB1 to G4

quadruplex DNA stabilizes the DNA structure; at the KRAS oncogene this inhibited expression

and at telomere ends this protected the DNA from damage [78, 92]. Newly identified interactions

between HMGB1 and various mRNAs or lncRNAs modulate splicing, gene expression, and the for-

mation of ribonucleoprotein complexes within the cell [50, 103, 104]. The varying roles of nuclear

HMGB1/2 proteins within different cell types highlights the complexity of this family of proteins

in regulating genomic processes.

Much remains to be learned about the regulatory roles of nuclear HMGB proteins. It will

be interesting to unravel the relationship between genome organization and the HMGB-facilitated

binding of transcription factors. This could involve interplay with the formation of local DNA

structures such as G4 quadruplexes or cruciform DNA. For example, both p53 and HMGB1 exhibit

enhanced binding to cruciform DNA, suggesting that the local DNA structure may play a regu-

latory role in transcription factor binding facilitated by HMGB proteins [28]. With over 700,000

experimentally identified G4-quadruplex structures in the human genome [81], this is an intriguing

possibility. Future studies are required to unravel the relationship between the genomic positioning

of local DNA structures, HMGB1/2 binding, localization of specific transcription factors, and the

presence of looped regions of chromatin. In addition to revealing how HMGB proteins function on

the genome, it will be important to identify the breadth of potential RNA targets of HMGB pro-

teins. Only then will we realize how widespread RNA-mediated regulatory mechanisms for HMGB

proteins might be. Lastly, characterizing how these regulatory mechanisms differ in healthy ver-

sus diseased cells is critical for future understanding of how HMGB proteins contribute to disease

eitology and progression.
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Studies have suggested that HMGB1 has the potential to be a therapeutic target, as reviewed

in detail elsewhere [106]. In addition, it is possible nuclear HMGB1 could serve as a prognostic

biomarker, given its elevated levels in cancer cells that reflect the proliferative state of the cell [107].

The majority of studies of nuclear HMGB proteins have been performed in cells and in vitro. In

the future, such studies could extend to in vivo models. Indeed, a conditional knockout mouse for

HMGB1 has been developed [108] Future work will undoubtedly reveal the potential of HMGB

proteins to serve as therapeutic and/or diagnostic molecules.



Chapter 2

Understanding how HMGB1 navigates DNA using single-molecule TIRF

microscopy

HMGB1 is a highly mobile architectural DNA binding protein that is implicated in several

nuclear processes, including transcription. How HMGB1 navigates the nuclear environment to

search for DNA binding sites remains unclear. To better understand this, I employed a single

molecule TIRF microscopy system to study the movement of HMGB1 across a dense surface of

DNA molecules. The mean speeds of the moving molecules were quantified for full-length HMGB1.

To gain insight into mechanisms of movement, mean speeds of movement were also analyzed for

HMGB1 deletions, decreased surface DNA densities, shortened DNA lengths, and different ionic

conditions. In most of the conditions tested, the distribution of the mean speeds of tracked molecules

increased compared to full length HMGB1. The exception was the C-terminal tail deletion mutant,

which exhibited a slight decrease in the distribution of the mean speeds. The average number of

moving molecules per region greatly decreased upon decreasing the density of immobilized DNA,

shortening the DNA, increasing the ionic strength, and using a dense surface of heparin in place of

DNA. Collectively, the data support the model that each domain of HMGB1 contributes to setting

its speed of its movement across a surface of DNA. Moreover, movement of HMGB1 is mediated

by electrostatic interactions, and robust movement requires longer lengths of DNA within close

proximity of each other.



22

2.1 Introduction

The family of High Mobility Group (HMG) proteins was first discovered by Goodwin et al.

in 1973 as a group of chromatin associated proteins that exhibited fast migration on an acidic

polyacrylamide gel [1]. HMG proteins play an important role in modulating chromatin dynamics

and facilitating numerous nuclear processes to influence cellular proliferation and metabolism [3].

Among the three HMG protein families - HMG AT-Hook (HMGA), HMG box (HMGB), and

HMGN - the HMGB protein family is the most abundant group within the nucleus [109]. The

HMGB protein family currently consists of four protein variants (HMGB1, HMGB2, HMGB3, and

HMGB4) [14]. Within the HMGB protein family, HMGB1 is the most abundant protein among

the four, where 106 molecules are found within nuclei, averaging 1 HMGB1 per 10-15 nucleosomes

[14, 15]. HMGB1 also has important functions in the cytoplasm and extracellularly [110], although

its role as a nuclear DNA binding protein is the focus of the studies described here.

HMGB1 is a 26kDa non-sequence specific DNA binding protein. It consists of two DNA

binding domains, the A-box and B-box, and an unstructured acidic C-terminal tail that contains

a stretch of glutamate and aspartate residues [14]. The C-terminal tail is implicated in dampening

HMGB1’s affinity for DNA by interacting intramolecularly with its DNA binding domains [31–34,

36, 37]. HMGB1 is capable of bending linear DNA when it binds by intercalating specific amino

acid residues within each of the HMG boxes in between the bases of the DNA double helix to

deform the DNA structure [30]. These intercalating residues consist of a phenylalanine within each

of the HMG boxes (A-box: Phe38 and B-box: Phe103) and an isoleucine within the B-box (Ile122)

[30, 36]. HMGB1 exhibits a higher affinity for non B-form DNA, such as cisplatinated DNA [22],

cruciform DNA [23], single stranded DNA [24], supercoiled DNA [25], hemi-catenated DNA [26],

and DNA mini circles [27].

Within the nucleus, HMGB1 is thought to modulate the local chromatin environment to

facilitate the accessibility of DNA to various protein factors that control transcriptional activation

[38, 39], DNA damage repair [46], and other processes that happen on chromatin. For example,
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previous studies have shown that HMGB1 facilitates the binding of p53 [47], estrogen receptor [48],

and numerous other transcription factors [49] to their cognate DNA binding sites. It has been

proposed that HMGB1 facilitates transcription factors binding to their cognate DNA binding sites

using a “hit-and-run” mechanism [48, 111, 112], where HMGB1 would present a bent DNA to a

nuclear factor and then dissociate once this factor binds.

The association of HMGB1 with nuclear chromatin is thought to be very dynamic and tran-

sient. Fluorescence-based studies showed that the majority of nuclear HMGB1 stays bound to

chromatin for an average time of about 5 seconds [113]. Additional studies have shown that

HMGB1 is capable of traversing the entire nucleus within 1-2 seconds [111, 114]. HMGB1’s dy-

namic behavior could be attributed to its weak association with interphase chromatin [115]. Some

in vitro studies investigating HMGB1’s DNA binding and bending mechanisms showed that once

bound to DNA, the HMGB1-DNA complex remains stable [36, 116]; however, in the presence of

excess DNA, HMGB1 appears to readily dissociate from the HMGB1-DNA complex, possibly due

to a direct transfer mechanism that hands HMGB1 off to a nearby DNA molecule [116]. The

mechanisms that HMGB1 uses to navigate the nuclear environment in search of DNA binding sites

remains unclear.

In the research described in this chapter, I used single molecule Total Internal Reflection

Fluorescence (TIRF) microscopy to better understand the properties that facilitate HMGB1 move-

ment on a dense DNA surface. This provided a well-defined, controlled system that mimics the

characteristics of a dense DNA environment found within the nucleus. The mean speeds of single

molecule tracks of HMGB1 moving across the surface were measured under various protein and

surface conditions. I first examined how HMGB1’s movement changed with protein truncation

mutants. This was followed by investigating how decreasing the DNA surface density and short-

ening the length of the DNA impacted HMGB1’s movement. Lastly, I tested the importance of

electrostatic interactions in facilitating HMGB1 movement by varying the salt concentration and

densely coating the surface of the microscope chamber with heparin in place of DNA. The findings

in this study suggest a model where both DNA binding domains connected in tandem set the speed
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with which HMGB1 searches for its DNA binding sites, and that the electrostatic interactions are

the major drivers that facilitate HMGB1 movement between DNA molecules.

2.2 Results

2.2.1 A single molecule system for studying HMGB1 movement on DNA

To study HMGB1 movement on DNA, I created a dense surface of immobilized DNA on a

slide. A mixture of 10pM biotinylated-Cy3 157 bp DNA and 25 nM biotinylated unlabeled 157

bp DNA was flowed onto a microscopy slide functionalized with biotin-PEG (Figure 2.1). Because

the unlabeled DNA is not visible under TIRF conditions, the Cy3-DNA was used to measure the

density of the DNA on the surface. This was done by imaging and collecting movies in the Cy3

channel (Figure 2.2) which were then used to quantify the density of the Cy3-DNA molecules.

This was then used to calculate the number of unlabeled DNA molecules per pixel based on the

relative concentrations of labeled and unlabeled DNA in the sample flowed into the slide chamber.

The density of unlabeled DNA on the surface of the microscopy slide was 40±5 molecules per

pixel. Considering a pixel size with a diameter of 200nm and assuming a surface of evenly spaced

DNA, this translates to about 31.7±2.3 nm of distance between adjacent DNA molecules. The

average length of a DNA base pair is 3.4 Å and the estimated length of the biotinylated 157 bp

DNA construct is 54 nm. With the possibility of DNA swaying on the surface of the slide, there

is potential for the ends of two swaying DNA molecules to overlap with one another, which may

be sufficiently close to allow for an HMGB1 bound to one DNA to move to a neighboring DNA

molecule without fully dissociating from the first DNA prior to interacting with the second.

Various HMGB1 constructs were studied in this chapter (Figure 2.3). All HMGB1 constructs

had all three of its native cysteine residues mutated to serine (C23S, C45S, C106S). The three cys-

teine residues each reside on the inner face of a helix within the HMG boxes and is positioned away

from the DNA binding surfaces. A single cysteine was engineered into the protein sequence to allow

for AF647 maleimide labeling. For HMGB1 constructs that contain an A-box domain, the cysteine
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Figure 2.1: A schematic showing a microscopy cover slip (Gray Rectangle), densely coated with
a mixture of unlabeled and Cy3-labeled biotinylated DNA



26

Figure 2.2: A TIRF-M image of immobilized 157 bp Cy3 DNA introduced into the slide
chamber at a concentration of 10 pM along with 25 nM unlabeled DNA. The Cy3 DNA was used
to measure the surface density of DNA, which was 40±5 molecules per pixel.
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residue was engineered away from the DNA binding surfaces by mutating serine-35 to cysteine-35

(S35C). For the HMGB1 B-box truncation mutant, the cysteine was similarly engineered away

from the DNA binding surfaces by mutating alanine-137 to cysteine-137 (A137C). The HMGB1

constructs were expressed, purified, and labeled with maleimide-AF647 dye. Afterwards, excess

free maleimide-AF647 dye was removed from the protein sample and the protein concentration

was determined with denaturing gel electrophoresis using known concentrations of BSA to form a

standard curve.

Figure 2.3: A Schematic of the various HMGB1 constructs used to study movement on a dense
surface of DNA

2.2.2 Full Length HMGB1 moves on a dense surface of DNA

AF647-HMGB1 at a concentration of 25pM was added into the flow chamber and movies

were collected in the AF647 channel. These movies were then analyzed via TrackMate [117],

single molecule tracking and analysis software that comes with the ImageJ package. Detection of

AF647-HMGB1 was done by applying an intensity thresholding parameter using the Differences of

Gaussian detector to filter out background signal. Once the single molecule dyes were identified,

the simple Linear Assignment Problem (LAP) tracking algorithm was used to track each molecule

over subsequent frames. Afterwards, the tracks were further filtered to remove noise from the data

by excluding molecules that persisted on the surface for less than 5 frames (< 300 ms) and traveled
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a maximum distance less than 15 pixels from the starting pixel. Figure 2.4 shows a representative

track following the movement of a single AF647-HMGB1.

Figure 2.4: A representation of a track (red) overlayed onto a single molecule of FL HMGB1
moving on a dense surface of DNA (the bright puncta close to the center of each frame).

On a dense surface of DNA, AF647-HMGB1 produced an average of 124 tracks per region.

By contrast, on a no DNA control slide (n = 3), AF647-HMGB1 produced only 2 tracks per region
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(Table 2.1). Therefore, observing HMGB1 movement on the surface required DNA. For each tracked

molecule, I focused on the track mean speed (µm/s) as it allows me to quantitatively assess and

describe how HMGB1 behaved on a DNA surface. The mean speed distribution for thousands of

tracked molecules across five biological replicates of AF647-HMGB1 were summed and visualized in

a histogram (Figure 2.5A). As shown in Figure 2.5B, the experimental replicates were reproducible.

To assess the distribution characteristics of the histogram in Figure 2.5A, I calculated the

average, median, interquartile range, excess kurtosis, and skewedness, which are shown in Table

2.1. The average (4.8 µm/s) is greater than the median (4.0 µm/s), consistent with the histogram

appearing to be skewed to the right. The excess kurtosis and skewedness values are two descriptive

statistical measurements that can be used to describe the histogram shape [118]. The excess

kurtosis measures how the density of data disperses between the distribution’s center and tails,

reflecting the density of the more extreme values within the histogram in comparison to a normally

distributed data set. Skewedness measures how the observed histogram deviates, or skews, from

a normal distribution. For example, a normally distributed population would have excess kurtosis

and skewedness values of 0. A negative excess kurtosis can be described by the broadening of the

central peak and fewer extremes along the tails compared to a normal distribution. By contrast, a

positive excess kurtosis produces a sharper central peak and heavier tail with a greater density of

extreme values compared to a normal distribution. Regarding skewedness and how it relates to the

shape of the population distribution, a negative skewedness value would result from a left skewed

population distribution with a tail that extends to the left of the central peak, whereas a positive

skewedness value would result from a right skewed population with a tail that extends to the right

of the central peak. The shape of the mean speed distribution for FL HMGB1 on DNA produced

a right skewed distribution with a corresponding skewedness of 1.36. AF647-HMGB1 movement

produced several tracks with high speeds, reflected by the heavier tail which is described by its

excess kurtosis of 2.13.
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HMGB1
Construct

Surface
Conditions

Total
Tracks

Average
Tracks

per
Region

Average
of

Mean
Speed
(µm/s)

Median
of

Mean
Speed
(µm/s)

Interquartile
Range
(µm/s)

Excess
Kurtosis Skewedness

FL
Dense

157 bp DNA 3457 133 4.8 4.0 2.5 - 6.2 2.13 1.36

FL
No

DNA Control 18 2 - - - - -

AB
Dense

157 bp DNA 2405 200 4.1 3.4 2.2 - 5.3 3.22 1.54

A-Box
Dense

157 bp DNA 1757 146 8.5 8.2 5.1 - 11.6 -0.63 0.30

B-Box
Dense

157 bp DNA 3214 134 9.9 10.0 6.6 - 13.0 -0.74 0.02

FL
0.5x

157 bp DNA 324 20 12.1 12.5 9.3 - 15.3 -0.32 -0.36

FL
0.25x

157 bp DNA 260 17 13.2 14.1 11.3 - 16.0 0.82 -0.98

FL
Dense

30 bp DNA 667 30 7.8 6.9 4.2 - 11.1 -0.55 0.58

FL
High
salt 33 8 - - - - -

FL
Dense

Heparin 646 27 5.9 5.4 3.5 - 7.9 1.07 0.92

Table 2.1: Parameters that describe the speed measurements from different experimental
conditions.
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Figure 2.5: A) The mean speed from thousands of tracks over several replicates (n = 5) were
combined and plotted to generate a right-skewed histogram. B) The mean speed distribution
between five expeirmental replicates on 157 bp DNA were reproducible.
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2.2.3 HMGB1 movement on dense DNA is controlled by both of HMGB1’s DNA

binding domains

I next asked how each of the individual HMGB1 domains contributes to its ability to move

on a dense surface of DNA. To better understand how each of the HMGB1 domains participate in

movement, I expressed and purified 3 HMGB1 truncation mutants - the HMGB1 C-tail deletion

mutant (HMGB1 AB), HMGB1 A-Box, and the HMGB1 B-Box. Each truncation protein was

labeled with AF647 using maleimide chemistry. Using the same DNA surface and tracking analysis

system described above, I first examined how AF647-HMGB1 AB behaved on DNA. The removal

of the C-terminal tail slightly reduced HMGB1’s average of the mean speed by 13.6% on a dense

surface of DNA (Table 2.1). Plotted in Figure 2.6A is the distribution of mean speeds for thousands

of tracked molecules of AF647-HMGB1 AB from three biological replicates. The histogram is

right skewed similar to what was observed for FL HMGB1. To compare the shapes of the speed

distributions between FL HMGB1 and HMGB1 AB, the counts for both data sets were normalized

by dividing each count by the highest count in each respective data set. The outlines of the speed

distribution for both datasets were then overlaid on a single plot as seen in Figure 2.6B. The right

skew of the HMGB1 AB data was slightly greater, the central peak sharper, and the tail heavier

when compared to FL HMGB1. This is reflected by HMGB1 AB’s increase in skewedness and

excess kurtosis over FL HMGB1 (Table 2.1). HMGB1 AB’s tail quickly trails off when compared

to FL HMGB1, reflecting fewer molecules with extremely fast mean track speeds; however, there

are gaps between binned data points towards the right end of its mean speed distribution (Figure

2.6A). These gaps between the binned data towards the ends of the tail likely increased the excess

kurtosis served as large outliers.

I next examined how the individual HMG boxes, the A-box and the B-box, behave on a

dense surface of DNA. The individual HMG boxes were both more than 2-fold faster than HMGB1

AB (Table 2.1) It appears that the linkage of both HMGB1’s DNA binding domains (i.e. the AB

construct) slows its speed when compared to the individual HMG boxes, and that both protein
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Figure 2.6: (A) The mean speed distribution of thousands of tracks for HMGB1 AB (n = 3)
were plotted as a histogram. (B) The removal of the C-terminal tail generates a right skewed
histogram with a shape similar to FL HMGB1. The truncation slightly decreased the mean speed
relative to FL HMGB1.
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domains in tandem may be required to set the speed with which HMGB1 moves on a dense DNA

surface. The A-box produced a histogram of mean speeds that closely resembled a broad normal

distribution as seen in Figure 2.7A. The excess kurtosis of -0.63 supports the broadening of the

central peak relative to a normal distribution and a skewedness of 0.3 shows that the A-box presents

a slight right skewed distribution. The B-box mean speeds produced a broad normal distribution

(Figure 2.8A) like that of the A-box with an excess kurtosis of -0.74 and even smaller skewedness

of 0.02. Figure 2.7B and Figure 2.8B show the A-box and B-box histograms overlaid with the AB

data, normalized to the same number of tracks to compare the histogram shapes. Both the A-box

and B-Box constructs behaved similarly to each other but differ quite drastically from the HMGB1

AB construct. The excess kurtosis and skewedness for the A-Box and B-box were lower than that

of HMGB1 AB, which is consistent with the broadening of the peaks decreasing the excess kurtosis

value and the normal distribution like characteristics brings the skewedness values closer to 0.

2.2.4 HMGB1 movement is dependent on DNA density and DNA length

Next, I tested whether the speed of HMGB1 movement is dependent on the density of immo-

bilized DNA. I hypothesized that decreasing the DNA surface density should decrease the number

of HMGB1 tracks recorded. I decreased the concentration of DNA added to slide chambers 2-fold,

from 25 nM to 12.5 nM, and examined the movement of FL HMGB1 on the less dense DNA surface.

This 2-fold decrease in surface density decreased the average number of tracks per region nearly

7-fold (Table 2.1), as hypothesized. Hundreds of tracks were identified across biological replicates.

The average and median of the mean track speeds increased as the surface density decreased (Ta-

ble 2.1 and Figure 2.9). Hence, the mean speed distribution shifted to the right compared to FL

HMGB1 on 25 nM of DNA and produced slightly left skewed histogram (skewedness of -0.36). De-

creasing the surface density from 25 nM DNA to 12.5 nM generated far fewer scanning molecules

and increased the average of the mean track speed of HMGB1.

I assessed whether decreasing the DNA concentration further would continue to change the

speed distribution characteristics or ablate the number of observable events. To do this, I decreased
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Figure 2.7: A) The distribution of mean speeds for HMGB1 A-box from 3 replicates produce a
broad slightly right skewed distribution. B) The distribution characteristics of HMGB1 A-box
drastically differ from HMGB1 AB. HMGB1 A-box moves faster than HMGB1 AB.
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Figure 2.8: A) The mean speeds of HMGB1 B-box from 4 replicates produced a broad normal
distribution. B) Similar to the A-box, the shape of the speed distribution drastically differs from
HMGB1 AB, shifting the distribution to the right to signify increased movement speeds.
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Figure 2.9: A) The mean speed distribution of 2 replicates of FL HMGB1 on 12.5 nM DNA
produced a slight left skewed distribution. B) When compared to FL HMGB1, the mean speed
distribution shifted to the right upon decreasing the surface density.
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the amount of DNA added to the surface by another 2-fold, changing the concentration flowed into

slide chambers to 6.25 nM of DNA. When compared to the 12.5 nM DNA surface, movement on the

6.25 nM DNA surface showed only small changes in the number of tracks observed per region, and

in the average of the mean track speeds (Table 2.1). On the 6.25 nM DNA surface, the distribution

of mean track speeds was further shifted to the right and generated a slightly more left-skewed

dataset with a skewedness of -0.98 compared to the 12.5 nM data (Table 2.1 and Figure 2.10).

Furthermore, decreasing the DNA surface concentration slightly increased HMGB1’s average mean

speed from 24.2 µm/s on the 12.5 nM DNA surface to 26.4 µm/s on the 6.25 nM DNA surface.

Together the data in Figures 2.9 and 2.10 show that the initial decrease in the density of DNA

drastically decreased the number of single molecule tracks per region and increased the HMGB1’s

speed, with smaller subsequent changes as the density decreased further.

I next asked if shortening the immobilized DNA, while maintaining a high DNA density,

would impact HMGB1’s movement. I examined FL HMGB1 movement on a dense surface of 30 bp

DNA, which is still longer than required for HMGB1 binding, and compared its movement behavior

to FL HMGB1 on 157 bp DNA. The shortening of the DNA to 30 bp decreased the average tracks

per region by more than 4-fold and increased the average mean speed 1.6-fold (Table 2.1). The

distribution of mean track speeds was right skewed as seen in Figure 2.11A. When compared to

the longer 157 bp DNA construct, the mean speed histogram for the 30 bp DNA construct has

a broadened central peak as described by its decreased excess kurtosis of -0.55 and maintained a

moderately right skewed distribution with a skewedness of 0.58 (Figure 2.11B). This reflects that

the movement of FL HMGB1 on the 30 bp DNA was generally faster than on the 157 bp DNA.

Together these data show that shortening the DNA greatly reduced the frequency of HMGB1

interacting with the DNA surface and increased its speed of movement.

2.2.5 HMGB1 movement on a dense surface of DNA involves ionic interactions

Given that HMGB1 showed movement across all the surfaces tested I was curious whether

electrostatic interactions contributed to its movement. I hypothesized that high salt conditions
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Figure 2.10: A) The mean speed distribution of 2 replicates of FL HMGB1 on 6.25 nM DNA
produced a left skewed distribution. B) When compared to FL HMGB1, the mean speed
distribution shifted to the right upon decreasing the surface density.



40

Figure 2.11: A) The combined track mean speed of 3 replicates of FL HMGB1 on a dense
surface of 30 bp DNA produced a right skewed distribution. B) The shortening of the DNA
broadened the track mean speed distribution for HMGB1.
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would reduce HMGB1’s movement. To test this, I densely immobilized the long 157 bp DNA and

added FL HMGB1 under conditions where the KCl concentration was increased from 50 mM to

150 mM. Interestingly, increasing the salt concentration largely ablated the number of detectable

tracks, producing on average only 8 tracks per region. The total number of tracks produced from

this high salt condition had insufficient data to produce a histogram.

Observing that HMGB1 movement was ablated under high salt conditions suggested that

its scanning behavior depends on charge-charge interactions. To further test this I asked whether

HMGB1 would exhibit movement on dense surface of immobilized heparin, which is a negatively

charged polysaccharide. Interestingly, FL HMGB1 showed movement behavior on a dense surface

of heparin, albeit with far fewer tracks per region than with the dense 157 bp DNA surface (Table

2.1). On heparin, the mean speed distribution of HMGB1 movement showed a slightly broader

right-skewed histogram when compared to its movement on the dense 157 bp DNA surface (Figure

2.12). This means that HMGB1 molecules generally moved faster on heparin than on DNA, also

reflected by the increase in average and median of the mean track speeds. HMGB1 exhibiting

movement behaviors on heparin suggests that electrostatic interactions are sufficient to drive its

movement between negatively charged molecules; however, the 5-fold decrease in the average tracks

per region suggests that DNA binding by HMGB1 controls its level of interaction with the surface.
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Figure 2.12: A) The track mean speeds from 3 replicates of FL HMGB1 on heparin were
plotted, producing a right skewed distribution. B) FL HMGB1 showed increased speed when
moving on a surface of heparin compared to the 157 bp DNA surface.
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2.3 Discussion

HMGB1 is an architectural DNA binding protein that plays important roles in modulating

numerous nuclear processes, such as transcription, DNA damage repair, telomere maintenance,

and others [106]. Within the nucleus, HMGB1 is thought to bind and bend DNA to facilitate

the binding of nuclear protein factors such as transcription factors to their cognate DNA binding

sites. HMGB1 is known to weakly associate with interphase chromatin [115] and previous studies

employing Fluorescence Recovery After Photobleaching (FRAP) have shown that HMGB1 is a

highly dynamic protein capable of rapidly navigating the chromatin environment to traverse across

the nucleus within 1-2 seconds [114]. However, it is unclear the mechanisms used by HMGB1

to navigate the densely packed nuclear environment. In this chapter, I used single molecule TIRF

microscopy to investigate how HMGB1 moves on a dense surface of DNA. Specifically, I determined

the roles played by individual HMGB1 domains, and how surface characteristics influence HMGB1’s

movement behavior.

Because HMGB1 consists of three domains – the A-box, the B-box, and the unstructured

C-terminal tail (CT-tail) – we wondered how each of these influence HMGB1’s movement on a

dense surface of DNA. Removal of the CT-tail, yielding the AB construct, slightly reduced the

speed of HMGB1’s movement and increased the number of tracks per region. HMGB1’s CT-tail

dampens its DNA binding and bending capabilities by intramolecularly interacting with its DNA

binding domains, particularly the B-box [36]. Removal of this domain alleviates the intramolecular

interactions that transiently shield one of the DNA binding domains from its substrates. With

both DNA binding domains free to bind and bend DNA, the frequency in which both DNA binding

domains interact with a DNA substrate is increased, which could be the cause of the increased

number of average tracks per region compared to FL HMGB1 (200 versus 133) and the slightly

decreased movement speed.

The largest effect on the speed of movement was observed by further deleting each of the

DNA binding domains. The A-box and B-box constructs moved substantially faster than either the
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FL or AB constructs. A potential explanation for the increased speed observed with the individual

HMGB1 DNA binding domains is that each of the single domain constructs can freely dissociate

from a DNA substrate and is not constrained by the DNA binding of a second linked DNA binding

domain. This could increase the frequency with which the single box proteins jump between DNA

molecules, and result in a faster average track speed. Furthermore, movement of the A-box was

slightly slower than the B-box.

Another question I asked was how does the surface DNA density influence HMGB1’s move-

ment. At an initial working concentration of 25 nM DNA, the surface density was calculated to be

40±5 molecules per pixel which translated to 31.7±2.3 nm of distance between neighboring DNA

molecules. Decreasing the amount of DNA flowed onto the surface by half drastically reduced the

number of moving molecules from 133 tracks per region to 20 tracks per region. The reduction

in the number of moving events per region may be a result of the increased distance between

the immobilized DNA, where the likelihood of HMGB1 moving between less closely spaced DNA

molecules is decreased. At 12.5 nM DNA, the distance between individual DNA molecules likely

increased from approximately 32 nm to 45 nm. The immobilized 157 bp DNA construct used in

this experiment is approximately 54 nm in length. It may sway around a pivot point on the surface,

thereby bringing portions of the DNA within proximity of a neighboring DNA for short periods

of time. Increasing the distance between neighboring DNA molecules decreased the frequency and

extent to which two DNA molecules could come into proximity, resulting in the observed decrease

in the number of moving HMGB1 events. Further reducing the surface density should also de-

crease the number of moving events per region; however, upon reducing the concentration of DNA

added to the slide chamber from 12.5 nM to 6.25 nM, the number of moving events marginally

decreased from 20 to 17 tracks per region. It possible there is a critical DNA density for obtaining

dose-dependent changes in movement by HMGB1 that is achieved at an added DNA concentration

between 12.5 nM and 25 nM; and a density at which all HMGB1 movement is lost. Additional

experiments could be performed to more clearly define the relationship between DNA density and

the number of HMGB1 tracks per region. It could also be interesting to determine how increasing
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the density beyond what was tested here affects the number of moving HMGB1 molecules. In

addition to reducing the number of tracked molecules, decreasing the DNA density also increased

the speed of FL HMGB1 movement. This is likely due to HMGB1 having to make larger jumps

between DNA molecules. Thus, it appears that when the DNA surface density was decreased, very

few HMGB1 molecules move between DNAs, but those that do appear to move, do so at a faster

speed.

I assessed how HMGB1 behaves on a dense surface of a shorter 30 bp DNA. Upon shortening

the DNA to 30 bp, the number of mobile events drastically decreased when compared to the 157

bp DNA construct. HMGB1 has a DNA binding footprint of approximately 18 bp [109]. When

compared to the shorter DNA construct, the 157 bp DNA provides a many more binding sites for

a single HMGB1 molecule, which would promote more interactions. Moreover, when considering

DNA motion, the longer 157 bp DNA construct would be more effective at facilitating HMGB1

movement on the surface as the frequency of two DNA molecules being within proximity would

be greater than that of the shorter 30 bp DNA construct. The shorter 30 bp DNA construct

decreased the length of biotinylated-DNA from about 54 nm to about 11 nm. Under the extreme

scenario where neighboring DNA molecules lay flat on the slide surface pointing at one another,

there would still be a distance of about 10 nm of between the ends of two 30 bp DNA molecules.

This would result in HMGB1 having to make larger jumps between proximal DNA molecules which

could explain for the broadening of the speed distribution population. As a result, of the molecules

of FL HMGB1 that were able to move on the shoter DNA, they generally moved faster, reflected

by a relatively broad left skewed distribution of mean speeds.

Lastly, I asked whether HMGB1 movement was charge-charge dependent by increasing the

salt concentration from 50 mM KCl to 150 mM KCl. Previous studies have suggested that increased

salt concentration decreases HMGB1’s affinity for DNA [109] as well decreases the interaction be-

tween its CT-tail and its DNA binding domains [33]. Thus, I hypothesized that the average number

of tracks per region should decrease as salt increased. Indeed, at the higher salt concentration there

was a very small number of mobile events, approaching that of the no DNA control. This shows
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that HMGB1 movement on the surface likely requires electrostatic interactions. Because of this

observation, I tested whether HMGB1 was able to move on a surface of heparin, a negatively

charged polysaccharide. On a dense surface of heparin, HMGB1 produced about 5-fold less tracks

per region when compared to a dense surface of 157 bp DNA. Additionally, HMGB1 move slightly

faster on the heparin surface despite having a broader mean speed distribution when compared to

the 157 bp DNA surface. These observations suggest that DNA binding is important for initially

attracting HMGB1 to the surface, and that the speed of HMGB1 movement between substrates is

largely facilitated by electrostatic interactions.

Overall, my results suggest that the two HMGB1 DNA binding domains work together to

modulate its movement speed on a dense surface of DNA. Changing the surface characteristics,

such as decreasing the surface density of DNA drastically reduced the number of tracked events

per region and increased HMGB1’s movement speed, highlighting the importance of having a dense

DNA environment to facilitate HMGB1’s movement between DNA substrates. Shortening of the

DNA also impacted HMGB1’s movement behavior by drastically reducing the number of tracked

events per region and broadening its mean speed distribution. This suggests that DNA functions

as a platform that facilitates both HMGB1’s ability to bind and to move between DNA molecules.

Lastly, HMGB1’s recruitment to the surface and its movement speed are dependent on both DNA

binding and electrostatic interactions, as the number of tracked events per regions drastically

decreased on a surface of heparin while eliciting a similar movement speed when compared to a

DNA surface. This body of work highlights the dynamic nature of HMGB1 while dissecting the

factors the facilitate HMGB1 movement.

2.4 Materials and Methods

2.4.1 DNA constructs

The 157 bp DNA construct was generated by performing a PCR reaction on a pUC19 vector

containing the Widom601 sequence using the following primers (Integrated DNA Technologies):
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Forward 5’ – Biotin – C – Cy3 – TG ATA TCT GAG AAT – 3 and reverse 5’ – ATT CTC AGA

TAT CAG – 3’. The unlabeled DNA construct was generated using the same primers sequences

listed above, but without the Cy3 modification within the forward primer. The PCR products were

then purified by using Q Sepharose Fast Flow resin (Cytiva) packed into a gravity follow column.

The Q Sepharose resin was equilibrated with 10x resin volume of TE buffer [20 mM Tris (pH 7.9)

and 1 mM EDTA (pH 8)]. The DNA was then passed through the column, then washed with 10x

resin volume TE buffer containing 600mM KCl. The DNA was eluted from the column with TE

buffer containing 800 mM KCl. The DNA fractions were then assessed on a 10% non-denaturing

polyacrylamide gel run at 150V in 0.2x TBE. The fractions containing the most 157 bp DNA

were pooled, and the salt concentration was reduced 1000-fold by buffer exchanging the sample

with MilliQ water using Pierce 10K MWCO protein concentrators (Thermo Fisher Scientific). The

DNA concentration was then calculated by measuring the A260 utilizing the Beer-Lambert law.

The DNA was then stored a -20oC until ready to use.

The 30 bp DNA construct was generated by annealing two primers (Integrated DNA tech-

nologies). The Forward primer [5’- Biotin- CTG ATA TCT GAG AAT CCG GTG CCG AGG

CCG – 3’] and reverse primer [5’- CGG CCT CGG CAC CGG ATT CTC AGA TAT CAG – 3’]

were mixed in a 1 M forward primer to 4 M reverse primer ratio in annealing buffer [20 mM Tris

pH 7.9, 2 mM MgCl2, 50 mM KCl]. Samples were annealed by heating in a heating block at 95oC

for 10 minutes. The heating block was then removed from the heating element and the DNA was

allowed to slowly cool to room temperature. The annealed DNAs were then run on a 1.5% agarose

gel at 150V in 1x TBE and stained with ethidium bromide. The DNA bands were then cut out

of the gel, flash frozen in liquid nitrogen, and isolated using Spin-X columns (Fisher Scientific).

Afterwards, the DNA was ethanol precipitated, the concentration calculated from its A260, and

the purified sample was stored at -20oC until ready to use.
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2.4.2 Protein expression, purification, and fluorescence labeling

A previously engineered pET19b vector containing the sequence for an N-terminal 6x His-

tagged human FL HMGB1 (C23S, C45S, C106S) was used, as well as constructs for the AB protein,

A-box, and B-box that also had the Cys to Ser mutations [36]. A single cysteine was engineered into

the constructs for the FL protein, AB, and A-box using PCR to change Serine-35 to Cysteine-35

(S35C) to allow for protein-labeling via maleimide conjugation. The B-box construct had a single

cysteine engineered via PCR to change Alanine-137 to Cysteine-137(A137C). The expression vectors

from FL HMGB1 and the various protein truncation constructs were transformed into Escherichia

coli BL-21 DE3 pLysS cells and were grown overnight at 37oC on LB agar plates containing 100

µg/mL ampicillin. Afterwards, for each construct, a single colony from the LB agar plate was

picked to inoculate a starter culture containing 5 mL of LB containing 2 g/L D-glucose and 100

µg/mL ampicillin. The starter culture was grown overnight in a shaking incubator set to a speed

of 200 rpm and at a temperature of 37oC. The starter culture was then transferred to a 500 mL

flask of LB containing 2 g/L D-glucose and 100 µg/mL ampicillin and was grown to an OD600 of

0.5 – 0.6 at the same settings mentioned above. Protein expression was then induced by adding

0.5 mM IPTG into the culture for 2 hours. Afterwards, the cells were pelleted by centrifugation

at a speed of 2,400 x g at 4oC for 30 minutes. Once the cells were pelleted, the supernatant was

decanted and discarded.

The cell pellets were then resuspended in 5 mL buffer Ni-A [20 mM Tris (pH 7.9), 5 mM

β-mercaptoethanol, 500 mM NaCl, 10% glycerol, 1x EDTA-free protease inhibitors (Roche), 0.2

mM PMSF, and 10 mM imidazole], transferred to a 15 mL conical tube, and sonicated (5 times,

30s on and 2 min off) on ice. The lysed cells were then centrifuged at 26,000 x g using a F21 rotor

for 15 minutes at 4oC to pellet the cell debris. A 1.5 cm diameter by 15 cm length gravity flow

column (Biorad) was packed with a 1.3 mL slurry of the HisPur Ni-NTA resin (Thermo scientific)

that was equilibrated with buffer Ni-A at 4oC. The supernatant from the centrifugation step was

passed through the column and the flow through was collected. The column was washed with 10x
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column volume of buffer Ni-A followed by 10x column volume of buffer Ni-A with 50 mM imidazole.

Afterwards, the protein was eluted from the column with 10x column volume of buffer Ni-A with

250 mM imidazole and was collected in 700 µL fractions. The elution fractions were analyzed by

12% SDS-PAGE and the fractions containing the most HMGB1 protein were pooled together and

dialyzed for 2 hours at 4oC in 20 mM Tris (pH 7.9), 50 mM KCl, 10% glycerol, 0.2 mM PMSF, 5

mM MgCl2, and 1 mM DTT.

After dialysis, the HMGB1 proteins were further purified on a dsDNA cellulose column. 250

mg of calf thymus dsDNA cellulose (Sigma) was equilibrated in buffer ds-A [20 mM Tris (pH 7.9),

50 mM KCl, 10% glycerol, 5 mM MgCl2, 1 mM DTT] then added to a gravity flow column and

was washed with 7.5 mL of buffer ds-A. The dialyzed eluate from the Ni column was centrifuged at

16,100 x g for 15 minutes at 4oC to pellet any precipitants that may have formed during dialysis.

The supernatant was then passed through the dsDNA column and washed with 3 mL of buffer ds-A.

The protein was then eluted off the column with buffer ds-A containing 500 mM KCl, and collected

in 300 µL fractions. The eluted fractions were analyzed by 12% SDS-PAGE and the fractions with

the most HMGB1 protein were pooled and dialyzed overnight against buffer ds-B [20 mM Tris (pH

7.9), 50 mM KCl, 10% glycerol, 0.2 mM PMSF, and 5 mM MgCl2]. The dialyzed fractions were

centrifuged at 16,100 x g for 15 minutes at 4oC to pellet any protein precipitants present. The

concentration of the protein was then assessed via 12% SDS-PAGE using known concentrations of

BSA to create a standard curve.

The proteins were then reduced by adding a 10-fold molar excess of TCEP (pH 7) and the

sample was nutated for 30 minutes at 4oC. A 2-fold molar excess of Alexa Fluor 647 (AF647)

C2 maleimide dye dissolved in DMSO (Fisher Scientific) was then added to the reduced protein

sample and was nutated for 1 hour at 4oC. The excess dye was then removed using the Pierce dye

removal columns (Thermo Scientific). Afterwards, the protein concentration and percent labeling

were determined via 12% SDS PAGE using standard curves of BSA and a AF647 labeled primer

(Integrated DNA Technologies). The proteins were then aliquoted, snap frozen in liquid nitrogen,

and stored at -80oC until ready to use.
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2.4.3 Single molecule tracking experiments

The functionalization of glass slides, coverslips, and the preparations of the single molecule

imaging reagents (e.g. the oxygen scavenging system and Trolox to minimize photoblinking) are

described elsewhere [119]. The slide chambers were first washed twice with MilliQ water and twice

with RB buffer [10% glycerol, 25 mM Tris (pH 7.9), 50 mM KCl, 5 mM MgCl2, 0.05 mg/mL BSA,

1 mM DTT, and 0.1% NP-40]. Afterwards, a streptavidin mixture [1 mg/mL streptavidin, 0.8

mg/mL BSA in RB buffer] was flowed into the sample chamber and was incubated for 5 minutes.

The slide chamber was then washed twice with RB buffer. Biotinylated DNA (25 nM unlabeled,

plus 10 pM Cy3-labeled) was then flowed into the slide chamber and was allowed to incubate for

5 minutes to enable DNA immobilization. For the experiment with heparin, 25 nM of a 27kDa

biotinylated heparin (Creative PEGWorks) was used in place of DNA. The slide chamber was

then washed twice with RB buffer. Cy3-DNA movies were then collected after flowing in imaging

buffer [2 mM Trolox, 0.8% (w/v) D-glucose, 1 mg/mL glucose oxidase, and 11 µg/mL catalase in

RB buffer]. The slide chamber was then washed twice with RB buffer. 25 pM AF647 HMGB1,

prepared in imaging buffer with 1 mg/mL BSA, was flown into the slide chamber and movies were

collected, as described below.

2.4.4 Single molecule tracking data collection and analysis

The single molecule tracking data was collected using a Nikon TE2000-U microscope equipped

with a 1.49 numerical aperture immersion total internal reflection fluorescence objective. All movie

captures were done using the NIS-Elements (Nikon) software. The Cy3-DNA movies were collected

using a 532 nm laser with an exposure rate of 60 ms for 10 frames. The AF647-HMGB1 movies

were collected using a 640 nm laser with an exposure rate of 60 ms for 1000 frames. Both laser

lines each used an Andor iXon Life EMCCD camera. The movies were summed every 2 frames

between every other frame to improve the signal of the single molcules and were then analyzed using

TrackMate [117], an ImageJ plugin, to identify and track spots over subsequent frames. The spots
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were detected by thresholding for visible spots using the Difference of Gaussian (DoG) detector

and the tracks were linked using the simple Linear Assignment Problem (LAP). The data was

then filtered to exclude tracks that persisted on the surface for less than 5 frames (< 300 ms) and

traveled a maximum distance less than 15 pixels from the starting pixel. Afterwards, the mean

speed for each track was recorded. The mean speeds of each track were binned and plotted as a

histogram for each experimental condition, combining tracks obtained from biological replicates.

The statistical parameters shown in Table 2.1 were calculated from the mean speeds of each track

across all replicates.



Chapter 3

Investigating HMGB1 on/off binding dynamics on nucleosomes and DNA

The tight wrapping of DNA around the positively charged surface of the histone octamer

serves as a physical barrier to transcription factors that need access to their cognate DNA binding

sites, and therefore serves as a point of gene expression regulation. The accessibility of DNA to

transcription factors can be modulated by numerous protein that can alter the chromatin envi-

ronment to impact both its organization as well as the composition of the nucleosome particle,

the fundamental subunits of chromatin. Some of these nuclear protein factors include chromatin

remodelers, pioneer factors, and architectural factors. Among this list is High Mobility Group Box

1 (HMGB1) - an architectural protein factor that binds DNA without sequence specificity. Ensem-

ble biochemical assays have shown that HMGB1 binds nucleosomal linker DNA near its entry/exit

junction and interact with the histone H3 N-terminal tail peptide to help position HMGB1 onto the

nucleosome. However, it remains unclear what the underlying mechanisms are that drive HMGB1

to interact with the nucleosome particle. In this chapter, I explored the association/dissociation

kinetics of HMGB1 interacting with nucleosomes and free DNA sparsely immobilized on slide sur-

faces using single molecule Total Internal Reflection Fluorescence (TIRF) microscopy. However,

there were challenges in reproducing the kinetic measurements between experimental replicates,

making it difficult to draw conclusions about HMGB1 behavior with confidence.
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3.1 Introduction

HMGB1 plays an important role in facilitating transcription factor binding to their cognate

DNA binding sites to stimulate transcriptional activation [106]. HMGB1 can accomplish this by

interacting with chromatin through binding and bending DNA to distort the local chromatin envi-

ronment [43]. This is believed to create pockets of DNA accessible for transcription factor binding

within chromatin. Within the nucleus, HMGB1 can modulate the local chromatin environment to

facilitate the accessibility of DNA to various protein factors to control transcriptional activation

[38, 39]. For example, previous studies have shown that HMGB1 facilitates the binding of p53

[47], estrogen receptor [48], and numerous other transcription factors [49] to their cognate DNA

binding sites. In addition, HMGB1 facilitates DNA damage and repair [46], and other processes

that happen on chromatin. Many of these processes are driven by HMGB1s ability to interact with

the nucleosome particles.

The packing of DNA into chromatin serves both to protect the DNA from damaging elements

within the nucleus, such as nucleases, as well as control gene expression by modulating the accessi-

bility of its DNA to nuclear protein factors. Chromatin compaction and DNA accessibility can be

modulated by a number of protein factors, such as chromatin remodelers [120], histone modifiers

[121], pioneer factors [122], and architectural factors [123]. At the molecular level chromatin is com-

posed of a series of individual nucleosome particles where the DNA is wrapped around a protein

octamer complex consisting of two H2A/H2B dimers and two H3/H4 dimers. A high resolution

2.8 Å crystal structure of the nucleosome core particle showed that the DNA wrapped around the

histone octamer with 1.65 super helical turns and was organized as a left-handed DNA helix [124].

This high-resolution structure revealed that the histone octamers make a series of contact with the

negatively charged DNA phosphate backbone to bend the DNA and form nucleosome particles.

Several DNA sequences have been discovered and/or engineered for nucleosome reconstitution in

vitro, such as the human α satellite centromeric repeat [125], the 5s RNA coding sequence [126],

and the Widom601 positioning sequence [127]. Particularly, the SELEX engineered Widom 601
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positioning sequence has been widely used due to its high affinity for histone proteins [127] and

improved nucleosome stability when compared other DNA constructs such as the human α satellite

sequence [128].

Biochemical studies have shown that HMGB1 interacts with nucleosomes by binding the en-

try/exit DNA junction [40] and also bind histone H3’s N-terminal tail via interaction with HMGB1’s

C-terminal tail [38, 44]. At the DNA junction, HMGB1 competes with linker histone H1 for bind-

ing nucleosomes at the linker DNA [9, 129]. The linker histone H1 plays an important role in

the condensation of chromatin [130], whereas HMGB1 functions to destabilize the local chromatin

environment to facilitate nuclear processes such as transcription activation [15, 129]. Histone H1

binds nucleosomes at the dyad axis, where it interacts with the linker DNA and stabilize the nu-

cleosome particle using its basic N-terminal and C-terminal tails [131–133]. HMGB1 uses its acidic

C-terminal tail to interact with histone H1’s basic N-terminal tail [41], which could potentially

function as a mechanism, in addition to competing for DNA binding, for how HMGB1 displaces

histone H1 from the linker DNA. However, it is unclear from the current body of literature the in-

terplay between HMGB1 interacting with the nucleosome to facilitate the binding of nearby protein

factors, and interacting with histone H1 to modulate the local chromatin environment.

In this chapter, I explored HMGB1 on/off binding dynamics on nucleosomes reconstituted

with the Widom601 sequence using single molecule Total Internal Reflection Fluorescence Mi-

croscopy (TIRF-M). However, I experienced difficulties in being able to reproduce the kinetics of

HMGB1’s on/off binding behaviors between experimental replicates. Therefore, I simplified the sys-

tem to use free DNA rather than Nucleosomes. This, however, did not resolve the reproducibility

issue as the binding behaviors and kinetics remained inconsistent between experimental replicates.

With the goal of further simplifying the system to eliminate issues of reproducibility, I shortened

the DNA only system from 157 bp to 32 bp and explored HMGB1 binding kinetics, only to once

again have trouble with reproducibility.
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3.2 Results

3.2.1 Designing a DNA construct for nucleosome assembly and TIRF-M

To assess how HMGB1 interacts with nucleosmes, I designed a minimal 157bp DNA con-

struct containing the Widom 601 positioning sequence [127] with a 5bp DNA linker on each end

(Figure 3.1). The rationale for this design was two-fold: (1) To determine how HMGB1 behaves on

mononucleosomes with a short DNA overhang, and (2) to minimize the binding of HMGB1 to the

linker near the surface. Point (2) was important because longer DNA linkers could accommodate

one or more molecules of HMGB1 between the surface and the nucleosome. To immobilize the

DNA construct to the surface of the slide and to visualize the individual DNA molecules, a single

5’-end of the DNA construct was conjugated with a biotin molecule and a Cy3 dye. The positioning

of the Cy3 dye proximal to the biotin molecule greatly improved the fluorescence signal to noise,

allowing for clear identification of individual DNA molecules via TIRF-M.

Figure 3.1: A schematic of the DNA construct containing the Widom601 sequence labeled with
a Cy3 dye (green sun) and a biotin molecule (blue triangle) on a 5́-end.

Upon purifying the DNA construct, I then assessed the appropriate ratio of DNA to histone

octamer ratio that formed nucleosomes while minimizing the free DNA and the formation of hexa-

somes and free DNA using a stepwise salt dilution protocol [134, 135]. The microscale nucleosome

assembly reactions consisted of fixed DNA concentrations and increasing amounts of human histone

octamers. To facilitate the assembly of nucleosomes, the samples were diluted in a step-wise man-

ner from a high salt condition (2 M KCl) to a lower salt condition (50 mM KCl). The nucleosome
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assembly reactions were assessed by native gel electrophoresis, as shown in Figure 3.2. Here, the

lowest concentration of histone octamers (lane 1) produced a nucleosome, hexasome, and a DNA

band, indicating that the concentration of histone octamer was not sufficient to drive complete

nucleosome formation. The formation of hexasomes was likely due to the lack of integration of

the histone H2A/H2B dimer into the nucleosome, which can occur at lower octamer-DNA ratios

or higher salt concentrations [136]. As I increased the concentration of histone octamers (Lane 2

and 3), the DNA and hexasome band disappears to leave only the nucleosome band. Continuing to

titrate more histone octamer into the reaction decreases nucleosome band intensity (Lane 3). This

decrease in nucleosome band intensity is a result of excess of histone octamers sequestering DNA

into higher-order complexes instead of assembling into a single nucleosome particle.

3.2.2 A single molecule system to study HMGB1 on/off binding dynamics on

nucleosomes

To study HMGB1’s on/off binding dynamics on nucleosomes, I used a previously developed

single molecule TIRF-M system and analysis pipeline with the central goal of quantifying the ki-

netics with which HMGB1 interacts with nucleosome particles. To do this, I sparsely immobilized

Cy3-nucleosome molecules to the surface of microscopy slides functionalied with Biotin-PEG uti-

lizing a biotin-streptavidin-biotin linkage as represented in Figure 3.3. It was important to keep

the surface to 1000 spots or less per imaging area as a higher surface density decreased the ability

to resolve individual molecules due to overlapping signals from other fluorescent molecules that

may be within proximity. A representative image showing the characteristics of a sparse surface of

nucleosomes can be seen in Figure 3.4.

Once the nucleosomes were immobilized, the sample was excited with a 532 nm laser line

under TIRF conditions. Emission from the Cy3-nucleosomes was then collected as reference movies

over four regions using a piezo stage. AF647-HMGB1 was added into the flow chamber and the

sample was excited with a 640 nm laser line under TIRF conditions, and the emission of AF647-

HMGB1 was collected over the same four regions marked by the pieozo stage. Aftewards, in-house
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Figure 3.2: A representative nucleosome assembly reaction showing the presence of free DNA,
hexasomes, and nucleosomes. The DNA Concentrations were kept constant at 2.7 µM and the
histone octamer concentrations were increased by 0.27 Molar increment from 4.66 µM to 5.21 µM
for each lanes seen above.
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Figure 3.3: A schematic showing HMGB1 (brown with red dot representing AF647) interacting
with nucleosomes (yellow spheres with green dot representing Cy3) that are immobilized by a
biotin-streptavidin-biotin (orange circle complex) linkage on microscopy slides functionalized with
PEG-biotin.
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Figure 3.4: A representative frame from a movie of sparsely immobilized Cy3-nucleosomes
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single molecule analysis software was then used to identify and record the coordinates of all visible

Cy3-nucleosomes in the reference movies. After having identified the locations of the nucleosomes,

the coordinates of individual AF647-HMGB1 molecules were identifeid and colocalized with individ-

ual Cy3-nucleosome molecules based on matching coordinate pairs. The emission intensity traces

for each colocalized pairs was then extracted and plotted as a time series, where the intensity values

were plotted on the y-axis and time on the x-axis (Figure 3.5).

Figure 3.5: The fluorescence intensity of single AF647-HMGB1 molecules binding and releasing
from nucleosome was plotted as a function of time (black line). The time series was fitted (red
line) to identify the inflection points as binding and unbinding events.

Afterwards, the binding kinetics of HMGB1 were quantified based on the time series data.

To calculate the binding kinetics, the time series for each spot pair was fitted (red line as shown in

Figure 3.5) to identify the inflection points in the data set. A time point and a change in intensity

value were associated with each of these inflection points to allow assignment and duration length
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of a binding (positive change) or dissociation (negative change) event. Using this information a

bound dwell time, characterized by a binding event followed by a dissociation event, was calculated.

Conversely, an unbound dwell time, characterized by a dissociation event followed by a binding

event, was calculated. Upon collecting hundreds of bound and unbound dwell times, the rate

constants and 95% confidence intervals were determined by plotting the data as a cumulative sums

and fitting with an exponential function using non-linear least squares regression analysis (Figure

3.6).

I first attempted to fit the cumulative sums plot with a single exponential function; however,

a single exponential function was a poor fit for both the bound and unbound dwell times. A double

exponential function was a better fit for both datasets, suggesting that HMGB1 exists as two kinetic

population in both the rate of association and dissociation. The two rate constants for dissociation

of HMGB1 from nucleosomes, which are indepedent of protein concentration, were koff1 of 0.20 s−1

and a koff2 of 0.71 s−1 (Figure 3.6, upper panel). HMGB1’s observed rate constants for association

on nucleosomes, which would be affected by protein concentration, were kon1(obs) of 0.0431 s−1

and a kon2(obs) of 0.59 s−1(Figure 3.6, lower panel). In considering the influence of the protein

concentration on the rate of association, the calculated apparent rate constants for association

were determined to be 4x107 M−1s−1 and 5.9x108 M−1s−1 at 1 nM of HMGB1.

3.2.3 Inconsistencies in on/off binding kinetics between experimental replicates

for HMGB1 on a sparse surface of nucleosomes

I collected data from multiple expeirments with HMGB1 and immobilized nucleosomes that

were performed on different days, but in the same manner. When plotting data from the individual

experimental replicates (n = 6) as a normalized cumulative sums, the bound dwell time data

were somewhat reproducible (Figure 3.7, top panel); whereas the unbound dwell time replicates

were inconsistent with one another (Figure 3.7, bottom panel). Prior to the 1 second time point,

the data closely overlapped with one another (Figure 3.7, top panel, inset). However, at longer

time points, some of the replciates deviated from the group. Due to the inconsistences between
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Figure 3.6: The combined bound (top) and unbound (bottom) dwell times from 6 experimental
replicates of HMGB1 on a sparse surface of nucleosomes plotted as a cumulative sum (black
circles) and fit with a double exponential function(red line). The rate constants and 95%
confidence intervals of the curve fit are shown.
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replicates for both the bound and unbound dwell times, it was difficult to accurately assess the

rate constants of association and dissociation with confidence. When comparing the data across 6

replicates (Table 3.1), the apparent rate constants of association exhibited a broad range (kon1(obs):

0.002 - 0.057 s−1, kon2(obs): 0.023 - 1.778 s−1). This broad distribution persisted even for the rate

constants of dissociation (koff1: 0.085 - 0.367 s−1, koff2: 0.367 - 1.493 s−1). While most of the

replicates were best fit with a double exponential function, there was a single instance in which the

observed rate of associate for replicate 3 was better fit with a single exponential function, further

adding to the matrix of inconsistent results. It was unclear why the measured rate constants

were inconsistent between experimental replicates, which warrants an investigation into why it was

difficult to reproduce measurements of HMGB1 on/off binding dynamics on nucleosomes.

Replicate kon1(s−1) kon2(s−1) koff1(s−1) koff2(s−1)
Combined data 0.0431 0.59 0.20 0.71

1 0.057 0.290 0.129 0.594
2 0.033 1.215 0.211 0.506
3 0.023 - 0.230 1.238
4 0.002 1.267 0.367 0.367
5 0.034 0.595 0.192 1.493
6 0.045 1.778 0.085 0.839

Table 3.1: Most of the rate constants across 6 experimental replicates of FL HMGB1 on
nucleosomes were best fit with a double exponential function, except for the observed rate of
association for replicate 3 where it was better fit with a single exponential function.

3.2.4 HMGB1 on a sparse surface of 157bp DNA also exhibits inconsistencies

between experimental replicates

To better understand why it was difficult to reproduce HMGB1 on/off binding on nucle-

osomes, I simplified the system by using the DNA construct used to assemble nucleosomes (i.e.

no histone octamer, only free DNA). Under the same experimental conditions mentioned above,

I investigated HMGB1 binding dynamics on a sparse surface of free 157 bp DNA (Figure 3.8).

Four replicates of data were collected, combined, and was plotted as a cumulative sum that was
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Figure 3.7: The individual experiments from 6 replicates were individually plotted as
normalized cumulative sums to show the inconsistencies between experimental replicates. The
combined replicates for the bound and unbound dwell times are also shown here (black circles).



65

best fit with a double exponential function (Figure 3.9). However, despite simplifying the system

from nucleosomes to a DNA only surface, the cumulative sums plot lack of reproducibility for both

the bound and unbound dwell times (Figure 3.10). Again, like with the nucleosomes, most of the

bound and unbound dwell times were better fit with a double exponential function, which again

indicated that there were two kinetic populations present (Table 3.2). However, replicate 2’s rate of

dissociation was better fitted with a single exponential function, suggesting that there was a single

kinetic population that contributed to the measured rate of dissociation. Even after simplifying

the system from a surface of nucleosomes to a surface of DNA, the data between experimental

replicates continued to be irreproducible.

Replicate kon1(s−1) kon2(s−1) koff1(s−1) koff2(s−1)
Combined data 0.0502 0.72 0.133 0.97

1 0.014 0.074 0.033 0.561
2 0.070 0.945 1.153 -
3 0.043 0.815 0.149 0.911
4 0.051 1.222 0.088 1.205

Table 3.2: The rate constants from mixed exponential fits from the experimental replicates of
FL HMGB1 on DNA were inconsistent with one another. Most of the replicates were best fit with
a double exponential function, except for replicate 2 where its rate of dissociation was best fit
with a single exponential function.

3.2.5 Experiments with HMGB1 binding to a shortened 32bp DNA were not

reproducible

Despite simplifying the system from nucleosomes to free DNA, the rate constants were still

inconsistent between experimental replicates. To better understand the inconsistencies behind

HMGB1 on/off binding dynamics on nucleosomes and also free DNA, I used a short 32 bp DNA

construct to mitigate any potential influence the longer 157 bp DNA may have on HMGB1 binding.

By shortening the DNA, I decreased the number of potential binding site where HMGB1 could

position itself which would theoretically allow for a more consistent HMGB1 positioning on the

DNA upon binding and perhaps reduce variability in the rate constants.
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Figure 3.8: A schematic showing HMGB1 interacting with DNA sparsely immobilized to a
microscopy slide functionalized with PEG-biotin through a biotin-streptavidin-biotin linkage.



67

Figure 3.9: The cumulative sums plots of bound and unbound dwell times for 4 experimental
replicates of HMGB1 binding to 157bp DNA were combined and plotted here. The data were fit
with a double exponential function, suggesting that there are two kinetic populations present.
The rate constants and 95% confidence intervals from the curve fits are shown.
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Figure 3.10: Bound and unbound dwell times from the 4 individual biological replicates of
HMGB1 binding to a sparse surface of 157bp DNA plotted as normalized cumulative sums show
inconsistences between experimental replicates. The combined replicates of the bound and
unbound dwell times are also shown here (black circles).
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The cumulative sums plot from a single experiment using 32 bp DNA was best fit with a

double exponential for both the bound and unbound dwell times, again suggesting that there are

two kinetic populations for both association and dissociation (Figure 3.11). However, when the

experiment was repeated for a second time, there were no detectable dynamic events when the

movies were analyzed. As a result, HMGB1 on/off binding dynamics remained irreproducible even

on a short 32 bp DNA, suggesting that there are other underlying issues regarding the system that

impacts HMGB1s binding to both nucleosomes and DNA.
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Figure 3.11: Cumulative sums plots fit with a double exponential function showing HMGB1
interacting with a short 32 bp DNA(n = 1).
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3.3 Discussion

Within the nucleus, HMGB1 functions as an architectural DNA binding protein that plays an

important role in chromatin organization [51] and facilitating the binding of transcription factors to

their cognate DNA binding sites [49]. HMGB1 can bind to the linker DNA at the entry/exit junction

of the nucleosome and interact with the histone H3 N-terminal tail peptide to help position itself

onto the nucleosome [40, 44]. It is unclear how HMGB1 utilizes this combination of interactions to

aid in its search and binding to nucleosomes. To better understand how HMGB1 searches for its

binding sites on nucleosomes, I used single molecule TIRF microscopy to explore HMGB1 on/off

binding dynamics on both nucleosomes and DNA. However, I experienced difficulties in reproducing

data between experimental replicates, which persisted even upon simplifying the system from a

nucleosome to a short 32 bp DNA. Ultimately, it appeared that this issue of irreproducibility

persisted regardless of the nucleic acid substrate, and may be attributed to the characteristics of

HMGB1 itself.

I first explored HMGB1 on/off binding dynamics on a 157bp nucleosome reconstituted with

the Widom601 sequence. The DNA construct was designed to accommodate a 5bp DNA linker

on each end of the nucleosome, where one end served to anchor the nucleosomes to the surface

of a microscopy slide functionalized with biotin-PEG. The 5 bp DNA linker was shorter than the

minimal DNA length required to accommodate both of the HMGB1s DNA binding domains [109].

This allowed me to explore how HMGB1 would interacts with nucleosomes, as opposed to observing

binding exclusively to linker DNA.

Initially, I was able to collect a moderate number of bound and unbound dwell times from

an experiment to produce a cumulative sums plot that was fitted with an exponential function to

calculate rate constants for association and dissociation. However, I had trouble in reproducing the

results from these initial experiments and believed that there may have been complications with

the nucleosomes that I was not initially aware of. One potential complication may have to do with

the integrity of the nucleosomes when immobilized to the surface of the slide. It is possible that the
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nucleosome particle may be destabilized upon immobilization to produce a mixture of hexasomes

and free DNA, despite looking homogenous on a native gel prior to dilution and immobilization.

The extent of destabilization could have been variable between experiments. Another potential

complication driving these observed inconsistencies could be nucleosome breathing [137]. Previous

studies have shown that the nucleosomal DNA generally stays wrapped for about 250 ms and would

stay in the unwrapped state for about 10-50 ms prior to rewrapping around the nucleosome [138].

The nucleosomal DNA would unwrap in 5 bp steps [139] and the extent of the wrapping might

vary in length based on molecular dynamics analysis [140]. This variation in DNA length during

nucleosome breathing can either facilitate or block HMGB1 binding, depending on how much DNA

is accessible. The combination of nucleosome breathing and the inability to determine which of the

hetereogenous population of nucleosomes, hexasomes, and DNA that HMGB1 was interacting with

may have contributed to the inconsistences between the observed rate constants for association of

experimental replicates. Conversely, the rate constants for dissociation seems less likely to depend

on DNA availibility, thus would explain why the cumulative sums plot of bound dwell times were

more tightly clustered between experiments. However, it continues to remains unclear how the

nucleosomes influenced HMGB1 on/off binding dynamics aside from the inconsistencies observed

between experimental replicates.

To potentially alleviate HMGB1 binding inconsistently on nucleosomes, I simplified the sys-

tem by studying HMGB1 on/off binding dynamics on the same DNA construct used to reconstitute

nucleosomes, but in its free (i.e. non-nucleosomal) state. Simplifying the system, removed any het-

erogeneity that may have been caused by the dynamic nature of the nucleosome, the structural

composition of the nucleosome, as well as any potential interactions HMGB1 may have with the

histone proteins. However, the inconsistencies between experimental replicates persisted even in

the absence of histone proteins, and even more so with the bound dwell times. DNA sticking to the

surface of the functionalized microscopy slide was not an issue as its immobilization was dependent

on the biotin-streptavidin interactions (data not shown). Given that HMGB1 has a DNA binding

footprint of 18 bp when using its two DNA binding domains [109], the 157 bp DNA construct could
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theoretically accommodate up to 9 molecules of HMGB1. Althought it was possible that multiple

HMGB1 molecules could bind to the DNA construct; however, this was infrequently observed in the

intensity traces (data not shown) and is an unlikely explanation for the inconsistencies observed.

I further simplified the system by shortening the DNA from 157 bp construct to a 32 bp

construct, reducing the area to which HMGB1 could bind. If the length of the DNA influences

HMGB1 on/off binding dynamics, then the reduction in DNA length should localize HMGB1 to a

smaller region on the DNA and improve the reproducibility of its binding behaviors. It was unlikely

more than one HMGB1 molecule would occupy the short DNA due to steric constrains, and in the

first experiment performed nearly all dynamic binding events within an intensity trace reflected the

signature of a single HMGB1 molecule binding (data not shown). However, the second replicate

produced no identifying dynamic events. This was concerning because the second replicate was done

shortly after the first replicate, which used same protein and 32 bp DNA from a single preparation.

More experiments of HMGB1 on the 32 bp DNA construct is needed to better understand how

HMGB1 is interacting with this DNA construct and whether the binding kinetics is reproducible.

It remains unclear why it has been difficult to reproduce HMGB1 on/off binding dynamics on

all three constructs (nucleosomes, long DNA, and short DNA). The inconsistencies may be linked to

HMGB1 itself. It’s C-terminal tail regulates HMGB1 accessibility to DNA substrates by interacting

with its DNA binding domains [31–37] and each DNA binding domains can independently bind and

bend DNA [14]. The structure for FL HMGB1 remains unsolved; however, the individual DNA

binding domains for rat HMGB1 have been solved [19, 20], signifying that full length HMGB1

is structurally dynamic. It is possible that HMGB1 might adopt various structural conformation

that modulates the accessibility of its DNA binding domain for DNA binding. Furthermore, it is

possible that when HMGB1 is not stably bound to its DNA substrate, that its C-terminal tail may

be able to displace itself. In combination with a sparse DNA surface, it is possible that even though

the experiments were done in replicates, I may have not collected enough events per experiment to

properly represent HMGB1s binding kinetics on nucleosomes and DNA. The summation of dwells

may be representative of HMGB1 binding kinetics. It may be worthwhile to collect more replicates
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of HMGB1 on any of the conditions attempted above and assess whether this summation of dwell

times from this set of replicates differ from the previous set of replicates.

Currently, we have few insights into the binding dynamics of individual HMG boxes on nucle-

osomes and DNA. Thus, better understanding how a single HMG box interacts with nucleosomes

and DNA could provide insight into the issues I experienced with full length HMGB1. It would

be worthwhile to also isolate and explore proteins with sequence specific HMG boxes, like specific

proteins within the SOX protein family [141], as well as explore the importance of DNA bending

in its interaction with nucleosomes and DNA. Gaining a better understanding into the how an in-

dividual HMG box interacts with nucleosomes and DNA will provide insight into how HMG boxes

from different proteins are fine tuned for their substrates.

3.4 Materials and Methods

3.4.1 DNA constructs

The preparation of the 157bp DNA construct containing the Widom601 positioning sequence

was described in Chapter 2. The preparation of AF647 32 bp DNA used in this chapter was

described elsewhere [119].

3.4.2 Nucleosome assembly

The microscale nucleosome assembly reaction was adapted from Hayes and Lee [134, 135] and

was modified for the single molecule experiments. In a 10 µL starting reaction with buffer N-RB1

[20 mM Tris (pH 7.5), 1 mM EDTA (pH 8.0), 1 mM DTT, 2 M KCl], a single-fixed concentration

within a range of 1-10 µM of the 157 bp Widom601 DNA in 2 M KCl was combined with varying

molar ratios of human histone octamers (The Histone Source at Colorado State University). The

molar ratio of octamer:DNA was titrated over the range of 0.6:1 to 2.0:1 and was allowed to incubate

on ice for 10 minutes. After the 10-minute incubation, 5 µL of buffer N-RB2 [20 mM Tris (pH 7.5),

1 mM EDTA (pH 8.0), 1 mM DTT] was added to the reaction and was incubated on ice for 10
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minutes. For every 10-minute timepoint thereafter – 10, 25, 50, 100, and 200 µL of buffer N-RB2

was added to the reaction. After the final addition, the incubation continued for an additional

10 minutes, and then was centrifuged at 16,100 x g to pellet any precipitants. The supernatant

containing the nucleosomes was then assessed on a 4% native polyacrylamide gel run at 150 V for

30 minutes in 0.2x TBE on ice. The nucleosome assembly reactions were then stored at 4oC on ice

and at a final salt concentration of 50 mM KCl until ready to use or up to 1 month.

3.4.3 Protein expression, purification, and labeling

The protein preparation has been described in Chapter 2 under Protein expression, purifi-

cation, and labeling. Briefly, HMGB1 was expressed in BL21 DE3 E.Coli cells and purified over

a Ni-NTA resin followed by second purification over a dsDNA cellulose resin, each packed into a

gravity column. HMGB1 was then fluorescently labeled with AF647 via maleimide conjugation,

and the excess dye was removed using a fluorescent dye removal kit. The protein concentration

and fraction labeled was then quantified via SDS-PAGE. The protein was aliquoted, snap frozen in

liquid nitrogen, and stored at -80oC until ready to use.

3.4.4 Slide preparation and single molecule imaging

The slide chamber preparation, DNA immobilization, and imaging buffers and conditions

were described in Chapter 2.

3.4.5 Single molecule colocalization and data analysis

To perform two color colocalization, a piezo stage was used to set the coordinates and rotate

through the same four regions of a slide to first collect green emission movies of the DNA, then red

emission movies of the protein. After the first four regions of DNA were imaged, the slide chamber

was washed twice with RB buffer and 1 nM AF647-HMGB1 prepared in imaging buffer was flowed

into the slide chamber. HMGB1 movies were then collected over the same four regions set by

the piezo stage. For data analysis the movies were then pulled into an in-house single molecule
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analysis software written in IDL. The HMGB1 movies were colocalized with the DNA movies. The

intensity traces (emission over time) of the AF647-HMGB1 from each colocalized spot pairs were fit

to determine state changes (i.e. bound versus unbound). The dwell times for bound and unbound

states were extracted and plotted as cumulative sums. The data were fit with exponential equations

to determine rate constants.



Chapter 4

Summary and Future Directions

I investigated how HMGB1 navigated various surface substrates using smTIRF microscopy.

In Chapter 2, I tracked the movement of fluorescently labeled HMGB1 and different truncation

constructs on a dense surface of DNA and heparin to understand the properties that allow for

HMGB1 to scan DNA. In Chapter 3, I examined the on/off binding behaviors of HMGB1 on

nucleosomes and DNA to better understand HMGB1 binding dynamics. Collectively, these studies

were aimed at unraveling the mechanisms that facilitate HMGB1’s interactions with DNA as a

steppingstone to better understand how it functions as an architectural factor within the nucleus.

In this chapter, I summarize the findings of my investigation and discuss future directions aimed

at expanding our understanding of HMGB1 as a dynamic DNA binding protein and architectural

factor.

4.1 HMGB1 movement on DNA

I first explored the roles of that each of the three HMGB1 domains play in facilitating its

movement on a dense surface of DNA. Removal of the C-terminal tail (HMGB1 AB) slightly reduced

its movement speed; however, both single domain constructs (A-box and B-box) exhibited a large

increase in movement speed when compared to either the full length or HMGB1 AB construct.

The change in movement speed in response to the truncation of the protein domains highlights

important attributes regarding HMGB1 movement where (1) The C-terminal tail plays a subtle

role in modulating speed, likely by interacting with the B-Box domain to dampen its binding to
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DNA, and (2) the linking of two DNA binding domains is important for setting the rate of movement

of the full length protein, as the single domain constructs moved significantly faster.

Changing the DNA surface characteristics also highlighted some important HMGB1 move-

ment attributes. Decreasing the concentration of DNA flowed into the slide chamber greatly in-

creased HMGB1’s movement speed. Increasing the salt concentration in the slide chamber appeared

to ablate HMGB1’s movement activity. Shortening the DNA construct to 30bp DNA or immo-

bilization of a dense surface of heparin moderately increased HMGB1’s movement speed. Most

importantly, changing the surface characteristics like the ones mentioned above greatly reduced

the number of identifiable HMGB1 movement tracks. Together these findings show that efficient

HMGB1 binding across dense DNA is driven by its interaction with the DNA, and that movement

between immobilized DNA molecules is facilitated by electrostatic interactions.

These findings highlight some of the mechanisms that facilitate HMGB1’s interaction and

movement on its substrates, but there remain several parameters to explore. For example, HMGB1

is known to bend DNA by intercalating specific residues between the bases within its major groove

[30], potentially stabilizing HMGB1 interactions with DNA. It would be worthwhile to explore

how DNA bending influences HMGB1’s movement between DNA molecules, which could be done

by nullifying its DNA bending capabilities through mutation of the intercalating residues. It is

unclear whether HMGB1 is capable of traversing along a single DNA molecule via a 1D diffusion

mechanism; it would also be interesting to explore this avenue. If so, this could provide additional

insight into why longer DNAs enable more tracked molecules of HMGB1 on the surface. We can

also analyze additional parameters from the TrackMate output, such as distance traveled, to gain

additional insight into how these various conditions influences HMGB1’s movement Additionally,

HMGB1 has been shown to facilitate the binding of nuclear protein factors (e.g. transcriptional

activators) to their cognate DNA binding sites [111]. It is unclear whether these transcription

factors are themselves capable of movement on a dense surface of DNA, and whether the presence

of HMGB1 could promote transcription factor movement. Thus, it would be interesting to explore

the mechanisms by which HMGB1 facilitates transcription factors binding and potentially moving
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on a dense surface of DNA containing the transcription factor’s cognate DNA binding site dispersed

throughout the surface.

4.2 HMGB1 on/off binding

I explored HMGB1 on/off binding dynamics on nucleosomes and DNA. I first examined how

HMGB1 behaved on a surface of sparsely immobilized nucleosomes. The rate constants measured

for both binding and release were inconsistent between experimental replicates for the nucleosome

condition. I then attempted to resolve these inconsistencies by simplifying the system to a DNA

only, but the rate constant data remained inconsistent between replicates. I then attempted to

further simplify the system by using a shorter 32bp DNA construct. The first replicate produced a

number of dynamic on/off binding events that were curve fit to determine rate constants, but the

second replicate produced no identifiable binding events.

The inconsistencies between replicates observed with the nucleosomes may have been due to

differences in the quality/heterogeneity of the nucleosomes on different days impacting HMGB1

binding kinetics. However, this cannot be the sole reason as simplifying the system to contain only

DNA on the surface continued to produce inconsistent results. Even after further simplifying the

system by using a shorter DNA construct, there was a large discrepancy between replicate one and

two. It was surprising that one replicate produced enough data points to generate a nice curve fit,

while the other produced no binding events. It is possible the latter replicate did not show binding

for an unrecognized technical reason. Therefore additional experiments are needed on this short

DNA to draw conclusions.

A possible explanation for the inconsistencies may be attributed the surface density. As

mentioned in Chapter 2, there appears to be a critical surface density that facilitates HMGB1

movement. The surface density fell far below this threshold on the sparse surface of nucleosomes

and DNA, thereby preventing movement. Thus, it is possible that the movement is important to the

mechanisms of HMGB1 interacting with DNA/nucleosomes, leading to inconsistent kinetics when

movement cannot occur. However, increasing the surface density would complicate the analysis
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process, as a combination of HMGB1 movement and on/off binding can occur. This would make it

difficult to separate the two events to analyze the results. Thus, it is possible that the experimental

conditions tested in Chapter 3 were not optimal for HMGB1 binding dynamics. A potentially

parameter to improve the efficacy of data collection and analysis is to optimize the signal-to-noise

ratio by experimenting with fluorescent dyes that have a greater quantum yield or photostability

than AF647. Increasing the signal-to-noise ratio may improve the detection of the inflection points

in the intensity traces that serves as the basis for assigning association and dissociation events.

Another potential parameter that can help optimize the system is exploring conditions that reduces

HMGB1 sticking to the slide surface. Currently, HMGB1 sticking to the slide surface (≤100 spots

per region) detracts from the detection of HMGB1-DNA colocalized spot pairs. Reducing the

number of surface-stuck HMGB1 molecules will improve the colocalization percentage and thus

improve the efficacy of data collection and analysis.

Furthermore, this system can still be of great use to investigate the on/off binding behaviors

of transcription factors interacting with their recognition sites in the presence of HMGB1. For

example, we have previously used smTIRF-M co-localization on a sparse surface of DNA to measure

the kinetics of human p53 binding/unbinding its response element [119, 142]. It would be interesting

to explore how HMGB1 impacts the binding kinetics of p53 to its cognate DNA binding site on

free DNA and nucleosomes to unravel the mechanisms that influences these processes. This would

involve flowing in a mixture of fluorescently labeled protein factor with an excess of unlabeled

HMGB1 and collect movies using the co-localization as described in Chapter 3.
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