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Summary

Despite the central role of chromatin in many important cellular
activities like transcription and DNA replication, how chromatin is
organized inside the nucleus in vivo remains a topic under hot debate.
The 30 nm fiber structure of chromatin has long been considered as
one important level of chromatin condensation in heterochromatin and
mitotic chromosomes. However, recent cryo-EM studies suggested that
the 30 nm fiber structure is absent from both interphase and mitotic
cells. Based on these cryo-EM studies, the “polymer melt” model was
brought up. We have tested the polymer melt model in the smallest
known, free-living eukaryote, Ostreococcus tauri, using cryo-electron
tomography. Our results confirmed the prediction by the polymer melt
model that the disordered nucleosomes in vivo could be induced into
30 nm fibers if the chromatin was diluted in a low-salt buffer. This
conclusion, which helps us better understand the interactions between
nucleosomes, also provides an explanation for the reason that 30 nm
chromatin fiber was observed in previous studies. The highly flexible
nature of nucleosome organization revealed by our experiments has
important implications for uniting the structural basis of chromatin with

the regulation mechanisms behind complex genome functions.
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Chapter 1. Introduction

1.1 The hierarchy of chromatin organization

W. Flemming first described chromatin around 1882 [1]. However,
130 years have passed and the structural organization of chromatin in
vivo still remains an active area of research. The basic repeating unit of
chromatin is the nucleosome core particle, in which 146 bp of DNA
wraps around a histone octamer [2]. The octamer is composed of the 4
different core histones, H2A, H2B, H3 and H4, each in two copies [3].
Nucleosome core particles are connected by linker DNA associated
sometimes with the linker histone called H1[4, 5]. Nucleosomes,
together with the linker DNA, form a 10nm-thick structure, which is

called the “beads-on-a-string” structure (Figure 1) [3, 6].

The 10 nm “beads-on-a-string” was first reported to form a higher
order structure, which was also a fiber-like structure of 30 nm in
diameter, in purified chromatin[7]. Since then, other research groups
had observed the 30 nm chromatin fiber in various systems[8-17],
resulting in the 30 nm fiber structure becoming a textbook model as a
secondary chromatin structure. Until now, many research groups used
this 30 nm fiber model to help design experiments and to interpret data

[18-20]. Although the structural details of the 30 nm chromatin fiber



have been under debate since it was discovered, the idea that the 10
nm chromatin fibers first organize into 30 nm fiber and then this 30 nm
fiber can further pack into higher order, condensed structures in mitotic

chromosomes or in heterochromatin, is widely accepted (Figure 1).

DNA

ZNANANVNUNY

Nucleosome

“10nm fiber” m “beads-on-a-string”

permissive to transcription

30nm chromatin fiber?

repressive to transcription

Mitotic chromosome Nucleus
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Figure 1.The hierarchy of chromatin organization (adapted from

Maeshima et al., 2010) [21]. DNA wraps around the histone octamers, forming
the 10 nm fiber. The 10 nm fiber has long been assumed to first fold into the 30 nm
chromatin fiber and then the 30 nm fiber further folds into higher order structures of

mitotic chromosomes or interphase heterochromatin.



To explain chromatin organization above the 30 nm chromatin fiber
level, many models have been put forward, for example, the
“hierarchical helical folding” model [22] or the “radial loop” model[23-25].
In the “hierarchical helical folding” model, 30 nm chromatin fibers first
coil into a super-solenoid fiber and this super-solenoid fiber then forms
the highly condensed mitotic chromosomes. In the “radial loop model”,
the 30 nm fibers fold into radially oriented loops to form mitotic
chromosomes. Although these models differ from each other in the
organization form of higher (above the 30 nm fiber level) order
chromatin structure, they share the assumption that the 30 nm fiber
structure exists in mitotic cells and that the 30 nm fiber is the basic

organization form of chromatin higher order structures.

Since the first description of the 30 nm fiber came up, this structure
was also suggested to play a regulatory role in gene transcription. It
was proposed that the 30 nm fiber was the organizing form of
transcriptionally silent genes [7, 26, 27]. Because of its important role in
the proposed hierarchy of chromatin organization and its potentially
regulatory role in gene transcription, the structure of the 30 nm

chromatin fiber was extensively studied over the past three decades.

1.2 The 30 nm fiber structure---evidence revisited



Considering the dimensions and the complexity associated with
chromatin organization, transmission electron microscopy (TEM) has
been the best approach to study 30 nm chromatin fibers. Conventional
TEM, in which the samples are preserved at room temperature by
chemical treatments, contributed a lot to the establishment of the 30
nm fiber model. Other studies also detected the 30 nm fiber using
methods like cryo-electron microscopy (cryo-EM) and electric
dichroism[16, 17][10, 16]. All the experiments that supported the
existence of the 30 nm chromatin fiber can be divided into 3 categories

based on the materials used in the experiments:

1.2.1 in vitro experiments using extracted chromatin

The first description of the 30 nm fiber model was based on Finch
and Klug'’s observation of extracted chromatin[7]. Since then, the in
vitro system using extracted chromatin has become a popular method

to study chromatin organization.

In Finch and Klug’s experiment, chromatin was extracted from rat
liver nuclei[7]. The cells were lysed in hypotonic buffer, and then the
nuclei were isolated and treated with nuclease to cut the chromatin into
fragments. After the nuclease treatment, the nuclei were resuspended
in a low-salt buffer and the chromatin fragments were then released

due to the hypotonic shock [28]. The extracted chromatin fragments
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Figure 2.Finch and Klug’s solenoid model (adapted from Finch

and Klug, 1976)[7]. (A) TEM images of negatively stained chromatin extracted
from rat liver nuclei, with the presence of 0.5 mM MgZ+. Arrows indicate transverse
striations across the 30 nm fiber. Scale bar, 30 nm. (B) Solenoid model of 30 nm
chromatin fiber. The helix along the nucleosome fiber represents the DNA on the
outside of a histone octamer. The model is highly schematic since the DNA path is

unknown.

were then negatively stained and imaged in the TEM at room
temperature. In the presence of more than 0.2 mM M92+, the dominant
form of chromatin structure was found to be a 30 nm fiber structure.
Results from this experiment suggested that the 30 nm fiber structure
was formed by winding up the 10 nm nucleosome fiber into helices and
that the formation of the 30 nm fiber structure was highly dependent on
Mg®* concentration and H1 linker histones. Based on their results,

Finch and Klug put forward the first variant of the 30 nm chromatin fiber



-the solenoid model. In their schematic model, consecutive
nucleosomes are positioned next to each other in the fiber, folding into

a helix (Figure 2).

Other researchers using extracted chromatin basically followed the
same extraction procedures, which included cell lysis by hypotonic
shock or detergent treatment, nuclease treatment and low-salt
treatment to nuclei. Similarly, using chromatin extracted from rat liver
cells, Thoma et al. further investigated the progressive formation of the
30 nm fiber with increasing ionic strength in a series of artificial buffers
[8]. The 30 nm fiber structure could be formed with the presence of 60
mM monovalent salt (or else a low concentration of divalent salt like
~0.3 mM Mg?*). The helical path of the 30 nm fiber was also
resolvable in their TEM images. Negative stained chromatin from
metaphase mouse L929 cells also tended to form the 30 nm fiber
structure and the stability of the 30 nm fiber varied according to
variations in cell lysis conditions. The 30nm fiber structure derived from
detergent-lysed cells appeared to be less stable than chromatin fibers
obtained by mechanically lysed cells [9]. McGhee et al. used electric
dichroism to study chromatin extracted from chicken erythrocytes. The
nucleosomes in the chromatin fragments were oriented by a strong
electric field. By applying polarized light parallel to the direction of the
electric field and polarized light perpendicular to the direction of the

electric field, they could compare the difference in the absorbance of
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the two polarizations of light by the DNA in the nucleosomes and then
calculate the possible orientation of both the linker DNA and the DNA
wrapped around the histone core. The relaxation time of the dichroism
signal from the Mg®* -condensed chromatin matched the expected time
from a 30 nm solenoid [10]. The solenoid model has been greatly
developed by these studies since it was first brought up in 1976 and
has become the major model describing the conformation of the 30 nm

chromatin fiber.

The zigzag model is another variant of the 30 nm fiber models.
Worcel et al. extracted chromatin fragments from embryonic chicken
erythrocytes. They used formaldehyde and uranyl acetate to fix the
extracted chromatin and then shadowed the chromatin with platinum-
carbon. The partially unraveled chromatin appeared to be “two-stack”
arrays in which the linker DNA went back and forth in a zigzag manner.
Based on the observation, they put forward the zigzag ribbon model.
Also using conventional EM method, Woodcock et al. observed
chromatin extracted from mouse fibroblast cells and
chicken lymphoblastoid cells prepared using different techniques
including negative staining and platinum-carbon shadowing [29]. With
the presence of 10 mM NaCl or 0.01mM MgCl,, both the full-length
chromatin and the chromatin fragments showed a compact fiber
structure formed by zigzag folding of nucleosomes. The width, pitch

angle and the gyre spacing of the compact fiber were measured.
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Based on these measurements, a model describing the structural
details of the 30 nm chromatin fiber was also proposed. Bednar et al.
extracted chromatin from chicken erythrocyte cells and COS-7 cells
and studied the chromatin structure by cryo-EM [11, 17]. They also
observed the 30 nm fiber structure existing in a zigzag conformation. In
their zigzag model (Figure 3), alternate nucleosomes are interacting
partners rather than consecutive nucleosomes in the solenoid model.
The zigzag model and the solenoid model have now become two major

models that explain the conformation of the 30 nm chromatin fiber.
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Figure 3.Zigzag conformation of extracted chromatin (adapted

from Bednar et al.,1998)[17]. (A-B) Cryo-EM images of chromatin extracted
from COS-7 cells vitrified in 40 mM Na” (C) Extracted chromatin of chicken
erythrocytes imaged in 15 mM Na®. The zigzag conformation could be recognized of
chromatin from both types of cells. (D) Schematic zigzag model of 30 nm chromatin

fiber. Scale bar, 30 nm.



1.2.2 in situ experiments using sections from cells

With the development of TEM sample preparation methods,
especially the low temperature methods, scientists were able to study
chromatin structure in situ inside the nuclei. These in situ studies of
chromatin structure were considered to better represent chromatin

structure in vivo.

Woodcock first observed the 30 nm fiber structure in frozen-hydrated
sections of three types of cell nuclei, chicken erythrocytes, sperm of
Patiria miniata (starfish) and Thyone briareus (sea cucumber) [14].
Nuclei from all three types of cells were filled with well-resolved
chromatin fibers of a diameter around 30 nm. Combining low
temperature embedding and electron tomography (ET), Horowitz et al.
also studied the 3D structure of chromatin fibers in sections of chicken
erythrocyte nuclei and sperm from Patiria miniata [15]. They were able
to determine the 3D trajectories of a number of clearly defined 30 nm
fibers. They found that a common structural motif of the 30 nm
chromatin fiber was a twisted ribbon-like array of nucleosomes. The
zigzag path of consecutive nucleosomes was twisted due to variations
of linker DNA length and the entry-exit angle of the linker DNA. In a
more recent study, using cryo-electron tomography (cryo-ET) Scheffer

et al. also showed that the most predominant form of chromatin in



chicken erythrocyte nuclei was the 30 nm fiber structure, which was a
two-start helix [16]. Results from these in situ experiments provided

additional support for the existence of the 30 nm chromatin fiber in vivo.

1.2.3 in vitro experiments using reconstituted oligonucleosomes

While studies based on chromatin from cells, either extracted or in
situ, have made great progress, there are still some problems that
prevent these studies from achieving a high-resolution structure of the
chromatin conformation. Most of the previous studies showed that the
length of the linker DNA between nucleosomes had an important
influence on the formation of the 30 nm fiber structure[12, 13]. But in
vivo, the length of the linker DNA varies in a large range thus the 30
nm chromatin fiber formed either in situ or using extracted chromatin
was highly variable. Other factors like DNA sequences and different
histone modifications may also contribute to structural heterogeneity of

the 30 nm chromatin fiber.

The heterogeneity of sample is usually the main obstacle to
achieving a structure of high resolution. Yu et al. used cryo-EM single
particle analysis to study the structure of yeast Vps4p complex, which
is a type | AAA (ATPase associated with a variety of cellular activities)
ATPase [30]. Only after the purified Vps4p complexes were fixed with

0.02% glutaraldehyde for 20 minutes and repurified afterwards by size-
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exclusion chromatography, could they obtain cryo-EM images with
protein complexes uniformly distributed in the field of view (Figure 4B).
Otherwise most regions of the grids showed either clear ice without the
complexes or protein aggregates (Figure 4A). Elution profile of the size-
exclusion chromatography and SDS-PAGE analysis showed an
obvious decrease in heterogeneity of the sample after glutaraldehyde
fixation compared with unfixed sample. One possible explanation for
the differences was that the flexible domains in the complex that have
caused the aggregation have been immobilized by the fixation,
meanwhile native conformational heterogeneities due to these flexible
domains were also diminished. Thus, the conformations that were
observed after the fixation could not faithfully reflect all the native
conformations of the complexes. The fixation might transform many
different conformations into only a small subset of conformations,
which we call “fixation-biased” conformations and they were still a
subset of native conformations or in a worse case, the fixation might
change the native structures, resulting in what we call “fixation-modified”
conformations, which were artifactual. Aldehyde fixation (0.2%
glutaraldehyde treatment for 30 minutes) was also applied to
reconstituted nucleosome arrays in a recent study by Song et al. that
reported an 11A-resolution cryo-EM structure of the 30 nm chromatin
fiber [31]. Unfortunately, the authors did not show any data of how
heterogeneous the nucleosome arrays were before fixation. Therefore,

from the different behaviors of unfixed and fixed samples in the study
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of yeast Vps4p complex, it should be noticed that great caution must
be taken when interpreting structures from fixed samples that are

intrinsically heterogeneous.

Figure 4.Cryo-EM images of Vps4p before (A) and after (B) fixation
(adapted from Yu et al., 2008) [30]. The circles indicate individual Vps4p

particles and the hexagon indicates one Vps4p complex with visible hexagonal

symmetry. Scale bar, 100 nm.

To overcome the problem caused by sample heterogeneity, some
researchers tried to use biochemically well defined, reconstituted
nucleosome arrays to study the internal organization of the 30 nm
chromatin fiber structure. These reconstituted nucleosome arrays were
based on 5S ribosomal DNA repeats [32] or clone 601 “Widom” DNA
selected from random synthetic DNA sequences[33]. The DNA

sequences of the reconstituted nucleosomes and the linker DNA were
12



known and had the characteristic of precise positioning of histone
octamers. Indeed, results from structural studies using reconstituted
nucleosome arrays had improved precision compared with those in situ

studies or studies using extracted chromatin.

Huynh et al. reported an in vitro chromatin reconstitution system,
which used 12 and 19 copies of the 601 DNA sequence [34]. They
added a competitor DNA in the reconstitution to control the
stoichiometry of the linker histones and the nucleosomes. By screening
a number of buffer conditions, they established an optimized condition
for the reconstituted nucleosome arrays to form a compact fiber
structure. Both negative staining and cryo-EM of the folded arrays
showed a homogeneous population of a fiber structure, with a uniform
diameter of 34 nm. Using nucleosome 12-mer arrays of the 601
sequence, Grigoryev et al. examined the influence of linker histones
and Mg?* ions on the formation of the compact 30 nm chromatin fiber
[35]. To better understand the dynamics of chromatin structural change,
they established a method called EM-assisted nucleosome interaction
capture (EMANIC), in which they used formaldehyde cross-linking to fix
the contacts between nucleosomes in the 30 nm fiber structure. Their
results showed that the linker histones promote the formation of a two-
start zigzag fiber dominated by interactions between alternate
nucleosomes while the divalent ions further compact the fiber by

promoting bending in the linker DNA. From a dynamic perspective,

13



they concluded that the two-start zigzag conformation and the type of
linker DNA bending that marked the solenoid model might be
simultaneously present in the same 30 nm chromatin fiber. Robinson et
al. produced a series of nucleosome arrays with up to 72 nucleosomes
to define the dimensions of the 30 nm chromatin fiber accurately [36]
(Figure 5). The arrays were all based on the 601sequence and the
length of the linker DNA in each array was different from each other.
The long nucleosome arrays could fold into 30 nm fibers after dialysis
into buffers containing 1.0 to 1.6 mM MgCl,. Their EM measurements
showed that there were two distinct classes of fiber structure, both with
high nucleosome density. The reconstituted chromatin fibers were
almost twice (about 10-18 nucleosomes per 11 nm) as compacted as
generally assumed (about 6 nucleosomes per 11 nm), if the chromatin
were in its fully compact state. Because the length of linker DNA and
the ratio of linker histone to nucleosomes could be under control in
reconstituted nucleosome arrays, the in vitro reconstitution system is
an important way to study the influence of linker DNA and linker histone

on nucleosome compaction.

Another advantage of the reconstitution system is that it could
achieve structures of relatively high resolution. Schalch et al. solved the
X-ray crystal structure of a reconstituted tetranucleosome at 9 A
resolution, based on molecular replacement using the nucleosome core

particle (Figure 5). They adjusted the crystallization conditions to

14



provide the maximum 30 nm fiber compaction. The tetranucleosome
used in their experiments was synthesized from four tandem 147 bp
copies of the 601sequence, connected by 20 bp DNA linkers. The
histone octamers in the tetranucleosomes were purified from
recombinant Xenopus laevis histone octamers lacking any post-
translational modifications. Their structure showed that the linker DNA
formed a zigzag path between 2 nucleosomes and the whole structure
was a truncated two-start helix. In the study by Song et al., they
reconstituted two kinds of 12-mer nucleosome arrays with different
linker DNA length using the 601 DNA sequence and the recombinant
Xenopus laevis canonical histones without any post-translational
modifications [31]. They also incorporated H1 histone in their
nucleosome arrays. After several steps of dialysis and prolonged
glutaraldehyde fixation, the reconstituted nucleosome arrays were in
the form of compact 30 nm fibers. The whole 30 nm fiber had a two-
start zigzag conformation and the structural unit of the 30 nm fiber was
a tetranucleosome. Within each tetranucleosome, two stacks of two
nucleosome cores were connected by straight linker DNA. Studies
using reconstituted nucleosome arrays have greatly pushed our

understanding of the internal structure of the 30 nm chromatin fiber.
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Solenoid Zigzag
One-start helix Two-start helix

Nucleosome{ 1 (N1)

Figure 5.Models of the 30 nm chromatin fiber (Tremethick, 2007)
[37]. (Left) The solenoid model proposed by Robinson and Rhodes. The model is an

interdigitated, one-start helix. A nucleosome in the fiber interacts with its fifth and
sixth neighbors [36]. Alternative helical gyres are colored blue and magenta. (Right)
The zigzag model suggested by Richmond and colleagues. Nucleosomes are

arranged into a two-start helix. Alternate nucleosomes form interacting partners [38].

Since Finch and Kilug first put forward the 30 nm chromatin fiber as
an organization form of chromatin in 1976, many studies have been
carried out on the 30 nm fiber model. In most of these studies, the 30
nm chromatin fiber could form and could be detected, supporting the
existence of this fiber structure. With such compelling evidence, the 30
nm fiber structure finally became a textbook model to explain how
chromatin was compacted inside the small volume of the nucleus [39-
41]. The focus of chromatin structure studies has now moved forward

to investigate the internal organization of the 30 nm chromatin fiber.
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However, as our knowledge in sample preparation and imaging
techniques increases, researchers begin to reexamine the results from
these earlier studies and debate about the existence of the 30 nm fiber

started again.

1.3 The debate about 30 nm chromatin fiber---evidence
reexamination

1.3.1 Evidence from extracted chromatin fiber

When considering results from in vitro studies using extracted
chromatin, we should pay special attention to several problems: 1)
What are the treatments used in the extraction? 2) Will these
treatments bring artifacts to the native chromatin structure (“native”
here means in vivo)? 3) What are the physical factors that have
changed, from in vivo environment to the relatively simple in vitro

system?

To extract chromatin from cells, there are usually three basic steps
that cannot be avoided. They are: cell lysis, which disrupts the cell
membrane and releases the nuclei; chromatin fragmentation, which
cuts the chromatin into large fragments to dissolve the viscous mass of

chromatin into a homogeneous solution; and nuclei lysis, which

17



releases the chromatin fragments from the nuclei [7, 8, 15, 28, 29, 42,

43].

For cell lysis, detergent was usually used to disrupt cell membrane.
The concentration of the detergent and the lysis time used varied from
study to study. It is not clear which lysis design is optimal for retaining
native chromatin structure. The influence of detergent on the folding of
histone proteins as well as on the interaction between histones and
DNA has yet to be investigated. For chromatin fragmentation,
microccocal nuclease was added to the buffer containing the released
nuclei; for nuclei lysis, a hypotonic buffer is used to resuspend the
nuclei after chromatin fragmentation. The composition of the hypotonic
buffer, especially the concentration of monovalent or divalent cations,

also varied in different studies.

In a study on the relationship between fragmented chromatin in
solution and chromatin in intact nuclei, Giannasca et al. found the
processes of chromatin fragmentation and nuclei lysis did not simply
transfer the native chromatin higher-order structure to the external
medium, but induced changes in chromatin organization [44]. In their
study, they considered chromatin conformation observed in whole
starfish sperm prepared by Tokuyasu method as “native” chromatin
conformation. The nuclease fragmentation was examined over a range

of ionic strengths and the loss of “native” structure of the chromatin

18



occurred under all conditions tested. They did not find a condition,
which could make the chromatin accessible to the nuclease and at the
same time could prevent native chromatin from decondensing and at
the same time. They also suggested that even if such a condition could
be found, the ionic strengths needed would result in the loss of histone

H1, which is very important in chromatin organization [8, 11, 25, 35].

In the studies using extracted chromatin, the released chromatin was
either kept in the hypotonic buffer that is used to lyse the nuclei or
dialyzed into another artificial buffer for further study. Between the
native condition inside the nucleus and the in vitro artificial buffer, there
are many differences that may also cause structural changes of

chromatin.

1) a wide range of proteins that can modulate the higher order
structure of chromatin exist inside the nucleus but are absent in
artificial buffers. For example, ATP-dependent chromatin remodelers
are involved in nucleosome disassembly, nucleosome positioning and
exchange of canonical histones and histone variants [45, 46]. These
chromatin remodelers can alter DNA-histone interaction and regulate
chromatin structure at nucleosome level. Some of these remodelers
are abundant in vivo. It was reported that the ISWI protein, which is the
ATPase subunit that marks ISWI chromatin remodelers, was

expressed throughout Drosophila development at a level of more than
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one ISWI molecule every 20 nucleosomes [47]. Another group of
proteins that can affect structural dynamics of chromatin in vivo is
chromatin architectural proteins that can shape the chromatin by
binding to DNA. The chromatin architectural proteins have different
effects on DNA, such as bending, bridging or wrapping it [48].
Members of the HMG (high mobility group)-box family are important
chromatin architectural proteins that exist in abundance (~1molecule
every 10-15 nucleosomes) in vivo and can bend DNA substantially to
facilitate the assembly of nucleosomes [49]. Proteins in the HMG-box
family are highly conserved between species and lack specificity in
DNA binding. All of these characters suggest that the HMG-box
proteins have a general and basic function in chromatin organization.
The abundance of chromatin remodelers and chromatin architectural
proteins suggest that they are important in the maintenance and
regulation of chromatin structure on both local and global scales in the
nucleus. If chromatin structure is studied without these related proteins,

the results may go far from the scenario in vivo.

2) The total amount of chromatin of one cell is confined into the
volume of the nucleus in vivo while in in vitro system, the chromatin is
spread out and highly diluted. For a mammalian cell with a small
nucleus, DNA accounts for about 10% (100 mg/ml) of the nuclear mass
(including water), which is 500 times higher than the concentration

used for in vitro experiments (e.g. 200 pg/ml) [50]. This difference in
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chromatin concentration can change the interactions between
nucleosomes and therefore affect the higher order structure of

chromatin;

3) The concentration of divalent ions used in in vitro studies (0.2~2
mM) were usually lower than the estimated total concentration of
divalent ions in interphase nuclei. Using secondary ion spectrometer
analysis, Strick et al. measured divalent cation concentration in both
interphase and mitotic Indian muntjac deer cells. Ca** and Mg?* were
the two most abundant divalent cations in nuclei and the total
concentration of Ca®* and Mg®* throughout the whole cell cycle was
always much higher than the concentration used in most chromatin
structure studies (Table 1) [51]. Thus we classify the buffers used in
these in vitro studies as a low-salt condition compared with the in vivo
condition (Figure 6). In a nucleosome, only about 57% of the negative
charges of DNA are neutralized by positive residues in the histone
octamer, so the remaining charges must be neutralized by other factors
like linker histones and cations in the nucleus [52-54]. In low-salt buffer
conditions, 10 nm nucleosomal fibers will slightly repel and isolate from
each other due to their negative charges [52]. Thus in in vitro systems,
the chromatin will adopt a swelling conformation due to the low-salt

condition.
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Table 1.Ca2+ and Mg2+ concentrations in interphase and mitotic
cells (adapted from Strick et al., 2001) [51]

Ca?* (mM) Mg?* (mM) Total
Interphase  Mitosis  Interphase Mitosis Interphase  Mitosis
Nuclei 4~6 12~24 2~4 5~17 >6 >17
Entire Cell 7~9 4~8 1~3 12~22 >8 >16

High Salt
Cellular

Figure 6.30 nm chromatin fiber were formed in low-salt conditions.

As we can see from the above discussion, the chromatin extraction
procedures and the in vitro study system both can bring a lot of
changes to the native chromatin structure. Whether the results from
these in vitro studies can represent what chromatin looks like in vivo

remains a question.

1.3.2 Evidence from in situ experiments
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Until now, in all the in situ studies of chromatin structure, the 30 nm
fiber could only be observed by cryo-EM in two kinds of cells, chicken
erythrocytes and marine invertebrate sperm including sperm of sea
urchins, sea cucumbers and starfish [14-16]. Both kinds of cells are
terminally differentiated cells that have no transcription [55-58]. In
chicken erythrocytes, a very basic linker histone H5 exists together with
the linker histone H1. During erythropoiesis, the concentration of H5
increases dramatically from 0.2 molecules every nucleosome to ~1
molecule every nucleosome while the concentration of H1 (1 molecule
every nucleosome) remains unchanged [59]. Because linker histone
was shown to stabilize chromatin folding[8, 60], with linker histone
number doubled, chromatin from mature chicken erythrocyte would
adopt a more condensed conformation. The post-translational state of
H5 is also significantly different from cells from other chicken tissues as
well as mammalian cells [61, 62]. In marine invertebrate sperm, ¢1
histone, which is also a highly basic, lysine-rich histone like H5 in
chicken erythrocyte, replaces H1 completely [63, 64]. Chromatin from
both chicken erythrocytes and marine invertebrate sperms also has
longer nucleosome repeat length than other eukaryotic cells that can
carry out transcription normally [59, 65, 66]. All the above characters
shared by chicken erythrocytes and marine invertebrate sperm make

these two types of cells quite distinguished from other eukaryotic cells.
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It is possible that due to the loss of transcriptional ability, chromatin
of these two types of cells have adopted a rather special organization
form that can hardly represent chromatin organization in other cells
with transcriptional activity. Thus, much caution is needed when we
interpret results from in situ studies using these two kinds of highly
specialized cells. The lack of in situ evidence from transcriptionally
active cells, rather than chicken erythrocytes and marine invertebrate

sperms, is the main challenge to the 30 nm chromatin fiber model.

1.3.3 Evidence from reconstituted oligonucleosomes

The DNA sequences used in the reconstitution were originally from
sea urchin 5S ribosomal RNA gene or the 601 sequence. The genes
coding ribosomal RNA, which are transcribed by RNA polymerase lll,
have a quite different mechanism of transcription regulation compared
with the majority of genes that are transcribed by RNA polymerase |l
[67, 68]. The 601 sequence was only selected for its higher affinity for
histone octamer and precise positioning, thus there is a bias in the
DNA-histone interaction at the beginning of the reconstitution and this
synthesized sequence doesn’t exist in nature. Although the exact effect
of DNA sequence on nucleosome organization remains controversial, it
is clear that histone have different affinities to different genomic DNA
sequences and the differences in histone affinities have an important

role in nucleosome organization in vivo [69-72]. Using nucleosome
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arrays based on one single DNA sequence to simulate the organization
state of the whole genome is of high risk to overestimate the influence
of one conformation while losing the whole picture and it is more

unreliable when this DNA sequence does not even exist in nature.

Furthermore, the histones in the reconstituted oligonucleosomes
were either from recombinant Xenopus laevis histones expressed in
E.coli cells or from isolated chicken erythrocytes. The acetylation and
phosphorylation level in chicken erythrocyte histones is very low
compared with other eukaryotic cells [61, 73] and the recombinant
Xenopus laevis histones were completely without any post-translational
modifications. Post-translational modifications of histones play a very
important role in chromatin structure regulation [74, 75]. The structure
of the reconstituted nucleosomes using histones from these two
sources may mislead us in understanding the mechanisms behind
chromatin folding. The highly special features of the selected DNA
sequence and histone octamer make the reconstituted nucleosomes

unrepresentative of in vivo nucleosomes.

1.3.4 Problems with conventional TEM methods

Due to the size and complexity of chromatin, TEM is the most
effective method to study chromatin structure. There are two

fundamentally different classes of TEM sample preparation, the
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conventional methods and cryo-based approaches [76]. Most of the
evidence, both in vitro and in situ, which contributed to the
establishment and the spread of the 30 nm chromatin fiber model,

came from TEM samples prepared in the conventional way.

The sample preparation protocol for conventional TEM has several
steps of harsh treatment including chemical fixation, alcohol
dehydration and heavy metal staining, all of which are liable to cause
artifacts to native chromatin structures [77]. There were many
examples where the artifacts induced by sample preparation misled
even the most experienced eyes. One famous example is the bacterial
“‘mesosome”, which was considered a distinct organelle and was
extensively studied by bacterial experts from different groups but

turned out to be a fixation artifact [78].

Glutaraldehyde or formaldehyde is mostly used as chemical fixative
to preserve structure for conventional EM studies. Most of the studies,
including in vitro studies (both using extracted chromatin and
reconstituted nucleosome arrays) and in situ studies, have involved
aldehyde fixation in their sample preparation. There are many kinds of
artifacts that can be induced by the fixation procedure. The modification
of lysine in proteins after glutaraldehyde fixation is probably one of the
artifacts that should raise cautions in chromatin structure studies. After

the reaction of proteins with glutaraldehyde, the amino analysis of the
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fixed samples showed that lysine is the only residue that was
significantly changed, e-amino group of 50~60% of the lysine residues
could react with glutaraldehyde [79-81]. Since lysine residues in
histone octamers are very important in neutralizing the negative
charges of DNA in chromatin and the change of lysine residues
proceeds gradually when the fixation is going on, it’s very hard to
control to what degree the chromatin structure is affected by this
artifact [79, 82]. Aldehyde fixation could also cause shrinkage of some
structures and a decrease of pH in the reaction solution. In dehydration
procedure, the sample is treated with a series of progressively
increasing ethyl alcohol solutions to substitute cellular water. Loss of
water may lead to shrinkage of some structures and artifacts from
dehydration are largely dependent on the previous fixation procedure

[83].

The biggest problem with heavy metal staining in structural study is
the obscuration of fine structures. For example, the spikes of B/HK
influenza virus were well preserved and could be clearly seen in frozen-
hydrated samples while uranyl deposition around the surface of the
virus distorted and obscured the spike structures in negatively stained
samples (Figure 7). The deposition of the heavy metal molecules
doesn’t always reveal the structural features faithfully and the internal
density variations of the structure cannot be visualized. In chromatin

structure studies, this problem becomes more complicated. After heavy
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metal staining, the whole chromatin was covered by layers of heavy
metal. It is impossible to discern meaningful densities that reflect
chromatin structure from meaningless densities caused by random
deposition of heavy metal molecules (Figure 8). Thus, the
measurement of the dimensions of structural features in heavy metal
staining is far from reliable and varies depending on different

treatments.

Figure 7.0bscuration of fine structures by negative staining
(adapted from Booy et al., 1985) [84]. (A) TEM image of B/HK influenza

virus negatively stained with uranyl acetate. The spikes of the virus are highly

distorted and difficult to resolve. (B) Unstained, frozen-hydrated B/HK influenza virus.
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Figure 8.Comparison of conventional TEM and cryo-EM methods

(A) TEM image of a 100 nm-thick section of chicken erythrocyte nuclei,
glutaraldehyde and osmium tetroxide fixed [85]. The outline of the chromatin fiber
was completely covered by the uranyl and osmium molecules. The nucleus was
dehydrated and distorted. (B) Cryosection of a chicken erythrocyte nucleus [16]. The
nucleus was frozen-hydrated. The structure of the chromatin was well preserved. The
resolution was high enough to recognize nucleosome densities. (A) and (B) are of the

same scale. Scale bar, 100 nm.

Another problem in chromatin study is that EM images are only 2D
projections of samples. The compaction of nucleosomes, no matter in
vivo or in vitro, happens in 3D. From 2D projections, it’s impossible to
get all the information needed for a correct understanding of chromatin

conformation.

From the reexamination of the experimental evidence that support

the 30 nm chromatin fiber model, it can be concluded that due to
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artifacts from conventional TEM sample preparation, as well as the lack
of in vivo evidence from most eukaryotic cell types, whether the 30 nm
chromatin fiber model really represents a level of chromatin
organization inside the cell remains a problem that deserves further
investigation. The key to solve this problem is to find a method that will
enable us to study chromatin structure in situ, to better preserve the
native structure of chromatin and to limit imaging artifacts as much as

possible.

1.4 Cryo-EM in chromatin structural studies

1.4.1 Cryo-EM technique

The development of cryo-EM makes it possible to observe biological
samples in their close-to-native state. Samples are immobilized so
rapidly by freezing that water does not have time to crystallize and it
remains in a vitreous state with extremely high viscosity [86]. Chemical
fixation, dehydration or staining are avoided in sample preparation,
thus most of the artifacts that have nagged conventional TEM samples
can be avoided. By now, cryo-EM is the “gold standard” to study native

structures of biological samples.
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Vitrification of a sample can be achieved by plunging the sample into
liquid ethane or liquid propane. It is estimated that in plunge-freezing,
the freezing rate required is as high as 10°~10° Kelvin/s[76]. For larger
samples, high-pressure freezing is used to rapidly cool down the whole
sample [87]. Although using high-pressure freezing, samples up to
~250 um thick can be frozen vitreously, only samples thinner than ~0.5
pm can be imaged directly by TEM [88]. Thick samples must be
sectioned before imaging. To cut cryosections, a cryomicrotome is
used and it operates below the vitrification temperature. Cryosections
as thin as 40 nm can be cut, transferred onto an EM grid and imaged in
a cryo-EM [88]. Thanks to plunge-freezing, high-pressure freezing and

cryosectioning, in theory any cell now can be imaged in a life-like state.

Single particle analysis and tomography are two ways to study 3D
structure of biological samples using cryo-EM. Cryo-EM single particle
analysis is mainly used to study 3D structure of molecular assembilies,
which are often too large or too flexible to be studied by X-ray
crystallography. In single particle analysis, there are multiple isolated
copies of the particle (molecule) of interest on the sample grid and the
orientations of these copies within the ice layer are different from each
other, so their spatial relationships can be described mathematically by
a series of rigid-body transformations. When imaged in TEM,
projections of such a set of particles are produced. If the angular

distribution of these particles is sufficiently uniform, a series of TEM
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micrographs, each showing a field with hundreds of particles, will
contain all the information needed to reconstruct the 3D structure of the
particle [89]. By combining cryo-EM reconstruction of large complex
and X-ray structure of each component of the complex, it is possible to
get the 3D structure of the assembled complex to near-atomic
resolution [90-92]. To reduce image noise and to achieve a near-atomic
resolution, the background of the particles should be as clear as
possible, so the particles must either be in vitro synthesized or purified
from their in vivo environment and vitrified in a much simpler buffer with
as little contamination from other cellular contents as possible. To
study 3D structure of macromolecular complexes in situ or in vivo, in
their close-to-native state, however, is by now beyond the power of

single particle analysis.

Cryo-ET, on the other hand, is the only way to study subcellular
structures in situ or in vivo. After vitrification, samples are incrementally
tilted in TEM through a range up to £70° and imaged at each step
(Figure 9). The whole set of images collected for one sample is called a
tilt series. Each image in this tilt series is a projection of the sample
from a different angle of view. After alignment and back-projection of
the images, a 3D reconstruction or a “ tomogram” of the sample can be
generated. Because the effective path length through the sample
becomes too thick and because the sample holder sometimes can

block the electron beam, good images of the sample tilted beyond 60
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degrees cannot usually be obtained. There is a wedge-shaped region
of data in reciprocal space that is missed. The resolution of the
reconstruction in the direction parallel to the electron beam is
compromised by this “missing-wedge” artifact. If the tilt series is
collected for in situ samples, the resolution of the reconstruction will
also be decreased by the noisy, crowded background. In general, the
resolution of cryo-ET reconstruction cannot reach the resolution of
cryo-EM single particle analysis, but its ability to get 3D structural
information in situ or in vivo makes it a valuable tool to study

subcellular structures in the context of a cell.

Figure 9.Summary of cryo-ET (Gan, 2012) [88]. (A) Tilt series of
projection images of the sample is collected as the sample is tilted. (B) After 3D

reconstruction, a tomogram is generated containing 3D information of the sample.

1.4.2 Cryo-EM in chromatin structure study

Cryo-EM was applied to chromatin structure study almost as soon as
the technique was established [93]. With this powerful tool, structural

biologists were able to look at chromatin inside cells, without the
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artifacts of conventional TEM. However, instead of confirming the
textbook model of 30nm chromatin fiber, the results pointed to an

opposite direction.

Using Cryo-EM, McDowall et al. first observed vitrified sections of
mammalian mitotic cells in situ, including Chinese hamster ovary cells
and Hel.a cells, unfixed and unstained [93]. At that time, they only
collected 2D projection images of the vitrified sections and found that
the mitotic chromosomes were formed by compact association of the
10nm chromatin fiber and that no higher order structure of chromatin
inside the cells, including the 30 nm fiber, could be observed. However,
in the vitrified sections, ribosomes, which are roughly of the same width
as the 30 nm chromatin fiber, and microtubules, which have almost the
same diameter and mass per unit length, could be easily identified. The
diffraction pattern of the vitrified section did not show any feature that
corresponded to 30 nm spacing either. According to these observations,
they suggested a liquid model that disorder is equally distributed over
the whole chromosome and that local arrangements of nucleosomes
could take place without affecting the global organization state of the

chromosome.

A study of cryosections of vitrified Zea mays meristem cells showed
that the condensed chromatin has a grainy texture with a characteristic

dimension of 12 nm, which resembled the previously described liquid
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model [86]. Bouchet-Marquis et al. studied vitrified sections of rat
hepatoma, Chinese hamster ovary and Potorus kidney. Similarly, they
found that the chromatin appeared to be finely granular and
homogeneous. The graininess of the chromatin is of a dimension of 11

nm and there was no discernable structure of larger dimensions [94].

Figure 10.Cryosection of a HeLa cell (adapted from Eltsov et al.,

2011) [95]. The image shows an area of a mitotic HeLa H3 cell cryosection. The 3
parts of chromosomes (ch) are outlined in white and separated by the cytoplasm (cyt).
The chromosomes have a homogeneous grainy texture, with no discernible higher

order structure. Scale bar, 200 nm.

Another analysis of the 2D projection of a vitreous section from a
mitotic HelLa cell by Eltsov et al. reached a similar conclusion. 30 nm
chromatin fibers were not discernible by visual inspection; 1D
rotationally averaged power spectrum analysis of the chromosome

images also gave no indication of 30 nm chromatin fibers [95]. Based
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on the liquid model, they put forward the polymer melt model to explain
the interactions between nucleosomes inside mammalian nucleus

(Figure 10, 11).

In the polymer melt model, a nucleus is like a sea of “nucleosomes”
(Figure 11). Due to the huge amount of nucleosomes and the small
volume of the nucleus, the nucleosome concentration is very high. For
example, the average nucleosome concentration in interphase Hela
cells is around 140 uM and can be as high as 250 uM locally [96]. In
addition to positive charged histone octamers, the high concentration of
cations inside the nucleus further neutralizes the negative charges of
DNA and the nucleosomes can be very close to each other. Because of
the high condensation, the inter- and intra- 10 nm fiber interactions
between nucleosomes cannot be distinguished. Thus, the
nucleosomes inside the confined volume of a nucleus are in a uniformly
disorganized state and no large-scale higher order structure can be

formed either in interphase cells or in mitotic cells.

For extracted or reconstituted chromatin, the nucleosomes are
greatly diluted and 10 nm fibers are isolated from each other. The intra-
10 nm fiber forces between nucleosomes become dominant. Because
the concentration of cations is lower compared to the in vivo state, for
nucleosomes inside the same 10 nm fiber, the distance between them

would increase. Each 10 nm nucleosomal fiber will now compact into a
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30 nm chromatin fiber because this is the most stable structure under

diluted, low-salt conditions.
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Figure 11.Polymer melt model (Maeshima et al. 2014) [52].

Under low-salt conditions, nucleosome fibers could form 30 nm fiber structure via
intra-fiber nucleosomal interactions. An increase in salt (cation) concentration results
in the increase of inter-fiber nucleosomal interaction, leading to a polymer melt

scenario. Arrows and dotted lines show repulsion forces and interactions respectively.

If this assumed transition from 10 nm nucleosomal fiber to 30 nm
chromatin fiber could be confirmed, the polymer melt model would be
able to explain both the presence of the 30 nm chromatin fiber in vitro

and the absence of the 30 nm fiber in vivo.

Now the polymer melt model has become an alternative model to the

30 nm chromatin fiber to describe chromatin organization inside cells
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[21, 52]. However, under diluted and low-salt conditions, whether
chromatin could convert from the in vivo amorphous “sea of

nucleosomes” to 30 nm fibers has not been thoroughly tested.

1.5 Chromatin study in Ostreococcus tauri

Ostreococcus tauri (O. tauri), first identified in 1994, is a unicellular,
marine green alga [97]. It is the smallest known, free-living eukaryote
with only one nucleus, mitochondrion, chloroplast and Golgi body
(Figure 12). The cell size of O. tauriis about 1 um in diameter. O. tauri
belongs to the Prasinophyceae lineage, which is an early branch from
the green lineage that includes the land plants. Because of its small
size and its simplicity in ultrastructure, O. tauri has been put forward as
a new model organism for study of eukaryotic cells, especially in the
area of subcellular structural study. O. tauri has 20 linear
chromosomes and a genome of 12.56 Mb. 8,166 protein-coding genes
were predicted in the genome and 6,256 predicted genes are
supported by homology with known genes [98]. The genome size of O.
tauri is similar to that of the yeasts, Saccharomyces cerevisiae and
Schizosaccharomyces pombe, although the yeasts have much larger
cell size. O. taurigenome has an extremely high gene density, partly
due to reduction of intergenic regions and other forms of gene
compaction such as gene fusion and very few repeated sequences.
The average intergenic size of O. tauri genome is only 196 bp, which is

shorter than other eukaryotes with a similar genome size [98]. By
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growing O.turi cells in a twelve-light-twelve-dark cycle, the cell cycle

can be partially synchronized [99].

Figure 12.3D ultrastructure of O.tauri (adapted from Henderson et
al., 2007)[100]. (A) A 21.6nm central slice of a 3D tomogram of a O.tauri cell. (B)
A manually segmented model (two perpendicular views) of the same cell. The letters
and colors identify nuclei (n, red), nuclear envelope (ne), chloroplasts (c, green),
mitochondria (m, dark purple), Golgi bodies (g, yellow), granules (gr, dark blue), inner
membranes including ER (light blue), microtubules (light purple), and ribosome-like

particles (r). Scale bar, 250 nm.

Because of the limitations for sample thickness by cryo-EM, most

cryo-EM studies were carried out mainly on purified macromolecules,
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viruses and bacterial cells. Thanks to the tiny size of O. tauri, it is now
the only eukaryote that can be examined by cryo-EM in a whole cell
form [100, 101]. Henderson et al. imaged whole cells of O. tauri at
various stages of the cell cycle by cryo-ET. After reconstruction, they
were able to examine the 3D ultrastructure of the whole cell (Figure 12).
This work, by characterizing the morphological features of each
organelle, paved the way for other cryo-EM studies that also use O.
tauri as a model organism. Using cryo-ET, Gan et al. were able to
visualize the chromatin organization of O. tauriin both interphase and
mitotic cells [101]. They found that unlike higher eukaryotes, O. tauri
does not undergo large-scale chromatin condensation in mitosis [101].
No higher order structure of O. tauri chromatin was found, including the
30 nm fiber. Like HeLa cells and mouse fibroblast cells, the chromatin
of O. tauriresembles a uniformly distributed “sea” of nucleosomes
(Figure 13), which suggested that the polymer melt model better
describes chromatin organization of this tiny organism. O. tauri is the
only non-mammalian cell known to have such a disorganized
nucleosome arrangement. The study of O. tauri chromatin may give us
new insights on the role of chromatin organization in many conserved

cellular processes.
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Figure 13.0. tauri chromatin is not organized as 30 nm fibers

(adapted from Gan et al., 2013) [101]. (A) A 60 nm-thick tomographic slice

through a cryosection of a mitotic O. tauri cell. The nucleus shows a homogeneous
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texture where no higher order structure can be identified. Chl, chloroplast; Mito,
mitochondrion; Nuc, nucleus; gr, granule; Au, gold fiducials. Chromatin (blue box)
and cytoplasmic ribosomes (red box) were selected for Fourier analysis in (C). (B) A
10 nm-thick tomographic slice corresponding to the black/white box in (A). Arrow
indicates cytoplasmic ribosome and arrowhead indicates a nucleosome-like density.
(C) Rotationally averaged amplitudes (log scale, arbitrary units) of the Fourier
transform of the two color-coded positions boxed in (A). Arrows point to the 30 nm

(left) and 10 nm (right) spatial frequencies.

In this project, we examined the 3D chromatin organization in O.
tauri in situ using cryo-ET, without any chemical fixation or staining. (“In
situ” here means we study chromatin inside lysed cells with all the
other cell contents in place. It is different from what we have defined as
the “in vivo” or “native” state, which is the living cell state.) We have
tested whether the diluted nucleosomes can form the 30 nm chromatin
structure under low-salt conditions with the presence of Mg?*. Our
results showed that O. tauri chromatin, which doesn’t have 30 nm fiber
structure in vivo[101], could be induced into 30 nm fibers if the
chromatin is released from lysed cells in a low-salt buffer with 1mM

Mg®*.

Results from this project confirmed the transition predicted by the
polymer melt model that disordered nucleosomes, which are highly
concentrated, could form 30 nm fibers if diluted under low-salt condition
with divalent cations. The potential of nucleosomes to form higher order

structures indicates that chromatin functions may be regulated through
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locally and dynamically conformational changes of nucleosome

organization.
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Chapter 2. Materials & Methods

2.1 Cell growth and preparation for plunge-freezing

Ostreococcus tauri strain OTH95 cells (acquired from the Roscoff
Culture Collection) were grown in artificial sea water (ASW) containing
Sigma sea salt and Keller enrichment medium (Table 2 and 3), in a
twelve-light-twelve-dark cycle. Under this condition, cells were loosely
synchronized and almost all cells were at mid-G1 phase at the
beginning of the light phase [99]. 50 ml cell culture were harvested in
mid-log phase (ODggo ~0.05-0.1) shortly after the dark-to-light transition
and pelleted by centrifuging at 5000xG for 10 minutes at 4°C. Cells
were then resuspended in 1 ml pre-chilled (4°C), fresh ASW and
pelleted again at 5000xG for 1minute. The cell pellet was then
resuspended in pre-chilled (4°C) lysis buffer to make to a final ODggo
~20. Treatment of the lysis buffer (from the time point of adding the
lysis buffer to the cell pellet to the time point of plunge-freezing) lasted
for 10-15 minutes and was carried out on ice. The lysis buffer
contained 144 mM sucrose, 6% glycerol, 20 mM HEPES and protease
inhibitor cocktail (EDTA-free, Roche, Cat. No. 11836170001). Using a
combination of sucrose and glycerol, the concentration of soluble
particles (ions and undissociated molecules) in the lysis buffer was

adjusted to ~820 mM, which is roughly 4/5 of the concentration of
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soluble particles in ASW (~1M). Thus, the osmolarity of the lysis buffer

should also be about 4/5 of the osmolarity of ASW in simplified

estimation if we consider the osmotic coefficient of all the soluble

particles to be 1.To induce 30 nm fiber formation, 1 mM Mg** was

added to the lysis buffer. As controls, lysis buffer with 0 mM Mg®* and

lysis buffer with 5 mM EDTA were also used.

Table 2. ASW composition

Contents Concentration
Sea salt 37g/L
cyanocobalamin 0.369nM
F/2 vitamins biotin 2.05nM
Thiamin-HCI 296nM
Na,Mo,*2H,0 26.0nM
ZnS0,*7H,0 76.5nM
K trace
metal CoCl, 6H,0 42.0nM
MnCl,*4H,0 910nM
CuS0,*5H,0 39.2M
NaNO, 882uM
) NH,CI 50.1uM
) Disodium B- 10uM
medium glycerophosphate :
pentahydrate
H,Se0, 10nM
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Table 3. Sea salt composition

Contents Concentration in

ASW

NaCl 41mM

KCI 10mM
MgCl,*6H,0 20mM
CaCl,*2H,0 1mM
MgSO,*7H,0 25mM

NaHCO, 2.5mM

2.2 Plunge-freezing

Colloidal gold (20 nm, BBI solutions, Cat. No. EM GC20) was
washed with 10 mg/ml BSA by first pelleting at 18,000xg for 5 min and
then removing the supernatant. The gold was washed twice in this way.
The BSA-treated gold was then added to the cells just before plunge-
freezing. 3 ul treated cells were added to each side of a plasma-
cleaned grid (CF-4/2-2C-T, Protochips). The grids were blotted with
filter paper (Grade1, Whatman) for 1 s and then plunge-frozen in 67/33
(% v/v) liquid propane/ethane mixture[102] using a Vitrobot automated
plunge freezer (Mark IV, FEI). The relative humidity in the sample
chamber of the Vitrobot was kept at 100%. The grids were then stored

in liquid nitrogen until use.
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2.3 Cryo-ETand image processing

For O. tauri cells plunge-frozen in lysis buffer with 1 mM Mg?*, the
grids were loaded into a cryoholder and imaged in a 120 KV, Tecnai 12
transmission electron microscope (FEI). For O. tauri cells plunge-
frozen in lysis buffer without Mg®* or in lysis buffer with 5 mM EDTA,
the grids were imaged in a 300 KV, Titan Krios cryo electron
microscope (FEI) (see Table 4 for detailed information). Tilt series were
collected automatically using Leginon software packages [103] in 1° or
2° increment from -60° to +60°. The total dose for each tilt series was

120~150 e/A?.

Using the IMOD software package[104], images were aligned with
the help of gold fiducials and the 3D reconstructions were calculated
and examined. In reconstruction, boundary models were created using
whole tomograms instead of sample tomograms for all samples. For
samples treated with 0 mM Mg?* and samples treated with 5 mM EDTA,
tilt series were first CTF corrected and then 2D low-pass filtered with
the cut off and sigma value setting to 0.2 and 0.05 in IMOD. Other

parameters remained the default values as set by IMOD.
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Table 4. Electron Tomography Parameters for O.tauri cells treated
with 1 mM Mg®*, 0 mM Mg** and 5 mM EDTA.

1mM Mg?* 0mM Mg2+ & 5mM EDTA
Instrument FEIT12 FEI Titan Krios
Gun type LaBg FEG
Gun voltage 120kV 300kV
Temperature 80K (liquid-N, cooled)
Tomography package Leginon
Nominal 6,500 8,700
magnification
Specimen-level pixel 1.428nm 0.895nm
Defocus -14um
Total Dose 120e/A2 150e/A2
Tilt range +60°
Tilt increment 1° 1°or2°
Tilt method Single-axis
Dose scheme 1/cosine
Camera Gatan UltraScan FEI Falcon Il
Bin factor 2 1
IMOD version 457 4.7.10

48



Chapter 3.Results and discussion

3.1 Induced 30 nm chromatin fiber

To induce the 30 nm chromatin fiber, we needed to identify the
conditions that allow the intra-10 nm fiber interactions become the
dominant interaction between nucleosomes. According to the polymer
melt model, we proposed that a low concentration of divalent cations
(low-salt condition) and the diluted chromatin are two of the most
essential conditions to form the 30 nm fiber. To dilute chromatin from
the native concentration inside the nucleus, we disrupted the cell
membrane as well as the nuclear envelope by a hypotonic shock using
a lysis buffer. Once the cell membrane and nuclear envelope were
disrupted, the chromatin was no longer confined to a small volume and
was able to distribute over a larger space, which meant that the
chromatin was in a diluted condition compared with its native state in
an intact cell (Figure 14). However, we wanted to avoid too much
perturbation to the cell, because we needed to maintain morphological
features of the chloroplast as references to locate the nucleus and the

chromatin.
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Figure 14.Steps to induce 30 nm chromatin fiber in O. tauri

The lysis buffer will disrupt the cell membrane and nuclear envelope by hypotonic
shock while establishing a low-salt condition with 1 mM Mg2+ for the chromatin. “c”

and “n” indicate chloroplast and nucleus respectively.

In O. tauri, the chloroplast and the nucleus are the 2 largest
organelles and they always reside in opposing halves of the cell
(Figure 12 and 13A) [100]. The chloroplast was easy to locate for its
biggest size among all the organelles, thylakoid membrane system and
two classes of granules inside the chloroplast. Each chloroplast has
multiple dark granules and a single granule that is very sensitive to
electron beam damage. These granules were the most obvious
markers for the chloroplast in TEM images. Due to the simplicity of the
ultrastructure of O. tauri, once the chloroplast was located, the nucleus

could be easily found.

Once the cell membrane was disrupted, the chromatin was
suspended in the lysis buffer. Previous in vitro studies using buffers
containing 0.2 to 2 mM Mg®* could observe the formation of the 30 nm

fiber structure [7, 8, 29, 105]. Thus, we adjusted Mg?* concentration in
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the lysis buffer to 1 mM to provide a supportive condition to form the 30

nm fiber structure.

Due to the disruption of the cell membrane by the hypotonic lysis
buffer, the cellular contents of O. tauri spread over a larger volume
compared to intact cells. The following blotting procedure prior to
plunge-freezing further flattened the cell. We plunge-froze the cells and
directly imaged them in a cryo-TEM. Because O. tauriis so small, after
hypotonic shock and plunge-freezing, the samples were already thin
enough that we could resolve nucleosome-size particles in the final
tomograms without cryosectioning. Using cryo-ET, we were able to
avoid the artifacts from chemical fixation, heavy metal staining and
dehydration and we were able to get 3D information of chromatin
organization of O. tauri in situ. The lysed O. tauri cells prepared using
our method were highly reproducible (Figure 15). We also compared
our experiments with previous in vivo cryo-EM studies of O. tauri
chromatin in which 30nm fiber structure was absent [101]. Together,
this O. tauri system revealed the transition of chromatin from in vivo

polymer melt structure to the 30nm fiber structure.
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Figure 15.Low-magnification cryo-EM image of lysed, frozen-

hydrated O. tauri cells. The cellular contents of each cell remained together

and the overall appearances of different cells were consistent. Red circles indicate
examples of lysed cells. The black region marked by the red arrow is an ice

contaminant. Scale bar, 2 ym.

3.2 Identification of O. tauri nucleus

For the identification of O. tauri nucleus, the osmolarity of the lysis
buffer cannot be too low to make the cell completely lyse. We used a
combination of sucrose and glycerol to adjust the osmolarity of the lysis
buffer to ~4/5 of the osmolarity of ASW to create a slightly hypotonic

condition for O. tauri cells. Under our experimental conditions, the O.
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tauri cell membrane and nuclear envelope were only partially disrupted.
All cellular contents, including the chromatin, distributed over a much
larger volume compared to unperturbed O. tauri cells (Figure 16, A and
B). In most cells, relative location of the chloroplast and the nucleus
was preserved so we were able to identify the nucleus in a lysed cell
(Figure 16). Although positions and sizes of different organelles varied
slightly from cell to cell, the overall appearances of the lysed cells were

of high consistency (Figure 17).

Figure 16.ldentification of O. tauri nucleus. (A) A 24 nm tomographic
slice showing intact O. tauri cell [100]. The white arrowhead shows the dark granule
in the chloroplast and the white arrow shows the granule in the chloroplast sensitive
to electron beam damage. “c” and “n” indicate chloroplast and nucleus respectively.
(B) A 28 nm tomographic slice of O. tauri cell lysed by our lysis buffer. The
chloroplast is still identifiable from its thylakoid membranes (black arrow). Densities
marked by black circles are representatives of gold fiducials added to the sample to
facilitate 3D reconstruction. Note how the lysed cell is spread out laterally and

therefore a much thinner sample than the intact cell. Scale bar, 200 nm.
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Figure 17.28 nm tomographic slices of partially lysed O. tauri cells
treated with 1 mM Mgz+. (A-C) Cells are lysed by lysis buffer with 1 mM Mg*".

Chloroplasts and nuclei are identifiable in all three cells. Scale bar, 200 nm. White
arrowheads show the dark granules in the chloroplast and white arrows show the big
granules in the chloroplast sensitive to electron beam damage. “c” and “n” indicate

chloroplast and nucleus respectively.
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3.3 Formation of the 30 nm chromatin fiber with 1imM Mg**

In those less perturbed cells, the chromatin was only slightly diluted.
Under this condition, individual 10 nm chromatin fiber was not isolated
from each other and no higher order structure of the chromatin,
including the 30 nm fiber structure, could be found in the tomogram
(Figure 18). While in cells that were more perturbed by the hypotonic
shock, chromatin would spread to a much larger radius compared with
chromatin in an intact nucleus and 30 nm chromatin fibers could be
identified in the tomogram after 3D reconstruction (Figure 19). The 30
nm chromatin fibers in these cells, however, could only be observed in
the periphery area of the chromatin mass, where some of the 10 nm
nucleosomal fibers were isolated from the main body of chromatin
mass. Thus, under our low-salt conditions, if O. tauri nucleosomes

were diluted enough, the 30 nm chromatin fiber could be induced.

The formation of the 30 nm chromatin fiber in our lysed O. tauri
system raised the question on the role of H1 histone in chromatin
compaction. Genome-wide study of O. tauri nucleosome positioning
suggested that O. tauri does not have H1 histone in its chromatin [98].
If this is true, that means nucleosomes have the ability to fold into
higher-order structure without linker histones, but perhaps the fibers
formed without the presence of linker histones could not be so compact

as fibers formed with linker histones. This conclusion would be
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Figure 19.Formation of 30 nm chromatin fiber in lysed O.tauri cells
treated with 1 mM Mgz+' (A) 28 nm tomographic slice of the nucleus region

from the cell in Figure 17B. Nucleosomes were more diluted. 30 nm fiber structures
were induced and could be identified. Red ovals indicate the induced 30 nm fiber
structures. (B) 28 nm tomographic slice of the nucleus region from the cell in Figure
17C. Nucleosomes were diluted enough to form 30 nm fibers that could be easily
identified. (C-D) Enlarged views of the fibers indicated by the red ovals in (B). Green

circles indicate examples of nucleosome-like densities. Scale bar, 30 nm.
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contradictory to the results from earlier studies that have stressed the
necessity of linker histone in the formation of chromatin higher order
structures [8, 36]. However, it is also possible that O. tauri does have
linker histone to facilitate the chromatin compaction which has been
observed in our experiments. Once the existence or absence of linker
histone in O. tauriis confirmed, we will have a better understanding of

the role of linker histone in chromatin compaction.

3.4 30 nm chromatin fiber could be maintained without external
Mg2+

To examine the effect of divalent cations on the formation of 30 nm
chromatin fiber structure, we treated the cells with lysis buffer without
Mg?*. Chromatin was clearly more spread out (Figure 20, A and B).
However, for most of our samples treated without Mg®* in the lysis
buffer, 30 nm chromatin fiber structures remained one of the major
forms of chromatin conformation (Figure 20). This result was quite
different from previous in vitro studies, in which extracted or
reconstituted chromatin was resuspended in artificial buffers with or
without divalent cations. In those studies, external Mg?* provided by
artificial buffers was said to mimic physiological conditions and was
shown to be essential to the formation of 30 nm chromatin fibers.
Without external M92+, most of the extracted or reconstituted chromatin

would decondense [8].

58



Figure 20.30 nm chromatin fibers were maintained in lysed O.

tauri cells without external Mgz+. (A-B) 28 nm tomographic slice of

chromatin region from lysed O. tauri cells treated with 0 mM Mg®* in the lysis buffer.
Red ovals indicate the induced 30 nm fiber structures. Red circles indicate examples
of ribosomes, which are ~25 nm in diameter and are important internal scale bars.
Scale bar, 100 nm. (C-D) Enlarged views of the 30 nm fibers indicated by the red
ovals in (A). Green circles indicate examples of nucleosome-like densities. Scale bar,
30 nm.

One possible explanation is that in our experiments, divalent cations
(mainly Ca®* and Mg?*), which bind to chromatin in vivo, remained

bound after cell lysis. These divalent cations could have prevented the
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chromatin from complete decondensation in our lysed cells. For
extracted chromatin, multiple-step purification could have stripped the
chromatin of its in vivo binding cations; and for reconstituted chromatin,
the only source of cations was the artificial buffer it was suspended in
[31, 38]. If this explanation is true, it means that in vivo, the binding of
chromatin and cations within the same 10 nm nucleosomal fiber is very
tight. Alternatively, it is also possible that this binding is protected by
other forces like hydration force, which is a force caused by
reconfiguration of water between macromolecular surfaces [106].
Whichever was the reason, our lysis treatment with 0 mM Mg®* was
only able to significantly affect the interacting forces between different
10 nm nucleosomal fibers, resulting in the isolation of these 10 nm
fibers and then promoting the formation of 30 nm chromatin fiber. The
tight chromatin-cation binding revealed in our experiments implied that
it could provide one of the major attractive forces between

nucleosomes intra-10 nm fiber in vivo.

3.5 Decondensation of chromatin in 5mM EDTA

To completely remove divalent cations from O. tauri chromatin, cells
were treated in our lysis buffer with 5 mM EDTA. Nucleosomes were
further diluted and most of the compact 30 nm fiber structures were
completely decondensed to linear, 10 nm nucleosomal fibers. The

“beads-on-a-string” conformation of the 10 nm fiber could be easily
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resolved (Figure 21-23), which supported that the densities we
observed were from chromatin. There were still partially decondensed
30 nm chromatin fibers (Figure 21 and 24). In both linear, 10 nm fibers
and partially decondensed 30nm fibers, linker DNA densities between

two nucleosomes could be detected (Figure 22-24).

Figure 21.Decondensed chromatin of lysed O. tauri cells treated

with 5 mM EDTA. 28 nm tomographic slice of chromatin region from lysed O.
tauri cells treated with 5 mM EDTA in the lysis buffer. Scale bar, 200 nm. Arrow a and
arrow b indicate completely decondensed chromatin; arrow ¢ and arrow d indicate
partially decondensed 30 nm chromatin fiber. Enlarged view of features marked by

red rectangle and red arrow a-c are shown in Figure 22- 24.
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Figure 22.Nucleosome densities from decondensed chromatin.

Enlarged view of the area marked by the red rectangle in Figure 21. Green circles
indicate nucleosome densities. Green arrows indicate densities from linker DNA

between nucleosomes. Scale bar, 30 nm.
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Figure 23.10 nm nucleosomal fibers in lysed O. tauri cells treated
with 5 mM EDTA. (A-B) enlarged view of decondensed chromatin marked by

arrow a and arrow b in Figure 21. The 10 nm “beads-on-a-string” structure could be
clearly seen. The fibers were rotated ~135° clockwise from their original orientation in
Figure 21. Scale bar, 30 nm.

Decondensation of 30 nm chromatin fibers in 5 mM EDTA treated
cells supported our conclusion that the maintenance of the 30 nm
chromatin fibers in 0 mM Mg?* treatment was due to residual
chromatin-bound cations from in vivo state and that these chromatin-
binding cations provide the major attractive force between
nucleosomes intra-10 nm fiber. After chelating bound cations from the
chromatin by EDTA, the repulsive force between neighboring

nucleosomes push them away from each other and the compact 30 nm
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fiber was decondensed. Partially decondensed 30 nm chromatin fibers
in our experiments adopted a conformation that was very similar to the
zigzag model [11]. The twisted, zigzag path of linker DNA could be

clearly resolved (Figure 24).

Figure 24.Partially decondensed 30 nm chromatin fiber in 5 mM

EDTA. (A-B) Zigzag conformation of 30 nm chromatin fiber revealed by previous
study using extracted chromatin from COS-7 cells (See Figure 3)[17]. Scale bar, 30
nm. (C) Enlarged view of partially decondensed 30 nm chromatin fiber marked by
arrow ¢ in Figure 21. The putative zigzag path of linker DNA was marked by green

arrows. Scale bar, 30 nm.
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3.6 Polymer melt model of O. tauri chromatin

Previous in vivo studies on O. tauri chromatin showed that inside the
nucleus the nucleosomes were in a disordered state and formed no
higher order structure, resembling the description on chromatin
organization from the polymer melt model [101]. Our new experiments
confirmed that the disordered nucleosomes could be reorganized into
30 nm fibers under low-salt, diluted conditions. It is not only an
important prediction by the polymer melt model but also a possible
explanation for the observation of 30 nm chromatin fiber in so many

earlier studies.

Combined with previous in vivo studies on O. tauri chromatin
organization, we concluded that the interactions between nucleosomes
in O. tauri resemble the interactions described by the polymer melt
model. In vivo, the nucleosomes are highly condensed. (It should be
noticed that “condensed” here only means that the average distances
between nucleosomes are quite small. It is different from “compacted”,
which implies an ordered organizing form. A “compacted” conformation
can be less “condensed” than a disordered conformation.) The high
concentration is maintained by the small nuclear volume and stabilized
by the electrostatic interaction between nucleosomes and cations
bound to chromatin. Because of the high condensation state of

nucleosomes, the inter- and intra- 10 nm fiber interactions cannot be
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distinguished in vivo. Thus, the nucleosomes inside the confined
volume of a nucleus are in a disorganized state and no large-scale
higher order structure is formed either in interphase cells or in mitotic

cells.

We can use A; and R; (the subscript ¢ means cis) to represent
attractive force and repulsive force between interacting nucleosomes in
the same 10 nm fiber and A; and R; (the subscript t means trans) to
represent attractive force and repulsive force between interacting
nucleosomes from different 10 nm fibers. In vivo, the nucleosomes are
so close to each other that no matter whether interacting nucleosomes
come from the same 10nm chromatin fiber or from different fibers, the
interaction forces between the nucleosomes are indistinguishable. That

means in vivo Ac + Rc = At + R; (Figure 25).

Under artificial conditions, where the chromatin is released from the
confinement of the small nuclear volume and the salt concentration is
low compared to the salt concentration inside the nucleus, the
chromatin can reorganize into the 30 nm fiber structure. If we use A¢’,
R¢, A’ and Ry to represent the forces between interacting
nucleosomes after dilution in low-salt buffer, then A+ Rc’>> At + Ry
The in vitro low-salt condition will immediately lead to R’ >R, because
less negative charges of DNA are neutralized. The interacting

nucleosomes inside the same 10 nm fiber will repel each other and
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Figure 25.Chromatin conformation at different conditions.

For In vivo polymer melt conformation, nucleosome concentration is quite high. Intra-
and inter- 10 nm fiber forces cannot be distinguished. Nucleosomes are most
condensed at this state. For 30 nm fiber conformation, nucleosomes are in a diluted
state. Intra-10 nm fiber forces become dominant. Inter-10 nm forces have a minor
effect on chromatin conformation, thus are shown by dashed arrows. For 10 nm fiber
conformation, chromatin is almost completely stripped of divalent cations.
Nucleosomes are most decondensed at this state. The thickness of arrows are only
schematically drawn to represent the difference in magnitude between different

forces.

reorganize until R;’ < A;’ (Figure 25). Now the previously disordered but
highly condensed nucleosomes may fold into a compact but less
condensed structure like 30 nm chromatin fiber. Because under the
diluted, low-salt condition, this higher-order structure is the most stable

conformation. It should be noted that previous in vitro studies where the
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30 nm chromatin fiber could be detected were all carried out under

such artificial conditions.

The results from cryo-EM studies suggest that 30 nm fibers do not
exist on a large-scale in vivo. However, the polymer melt model also
implies that the nucleosomes are highly dynamic. In the “sea” of
nucleosomes, the interactions between nucleosomes may change
locally and transiently. Our data show that O. tauri chromatin is able to
form higher order structure and also support the idea that the change of
chromatin organization can potentially be used by the cell as a
regulation mechanism for transcription, DNA replication and other
chromatin-related cell activities. The flexible nature of nucleosome
fibers in cells implies that a population with any structure or
conformation can exist at any time, according to Tremethick [37]. Due
to the low contrast and low signal to noise ratio of cryo-EM images, it is
very hard to resolve small-scale structural features (like sparsely
distributed 30 nm chromatin fibers) in the crowded milieu of the nucleus.
Thus, although cryo-EM fails to detect any large-scale higher order
structure of chromatin in most eukaryotic cells, we cannot exclude the
possibility that the 30 nm fiber structure, or any other chromatin higher
order structure, may exist at a local level. In a summary, it is possible
that varying organizations of nucleosomes at different time and
different nuclear locations form a dynamic pool of chromatin structures

that regulates chromatin functions.
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Chapter 4. Future Work

Compared to other eukaryotic cells like mammalian cells, the genome
of O. tauri has many unique features. Due to the lack of some
important information for O. tauri, such as the linker histone H1
sequence and the state of histone post-translational modifications, we
cannot make the conclusion that chromatin organization in O.tauri can
apply to other eukaryotic cells as well. To better evaluate results from
O. tauri chromatin study, more work on O. taurigenome and histone
composition is needed. Also, to solve the debate of the 30 nm
chromatin fiber, more in vivo studies from different eukaryotic cells are
needed. To confirm that the densities we focused on were indeed from
O. tauri chromatin, besides our negative control using O.tauri treated
with 5mM EDTA, a positive control is needed as well. Histone
antibodies could be used to design an immuno-cryo-EM experiment as

the positive control.

According to our present data, the resolution was not only high
enough to identify chromatin higher order structures if the structure was
formed, but also high enough to identify nucleosome densities and
even linker DNA densities. Future quantitative characterization of the
polymer melt model will be possible. The polymer melt model has the
potential to predict chromatin conformational changes. Once the

mechanism behind chromatin conformational change is known, the role
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of chromatin structure in the regulation of transcription and DNA

replication would be much better understood.
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