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The diploid human genome contains 6x 10 bp of DNA of total length 2.04 m packaged
into cell nuclei 6-8 pm in diameter. Despite decades of intensive research we are still
far from understanding the rules that govern the packaging of these enormously long
eukaryotic DNA molecules into chromosomes and cell nuclei. Some answers will come
from the sequence data gencrated by the Human Genome Project, particularly the
identification of sequence motifs involved in both the long range organization of
chremosomes and in nuclear architecture. Such sequence motifs probably bind to

proteins in the chromosomal scaffold, the nuciear matrix and nuclear membrane. How
chromosome organization and nuclear architecture are involved in chromosome

function is not well understood. In an attractive working model for long-range order in
metaphase chromosomes the DNA is constrained by scaffold proteins into loops of
average size 50 kbps [1]. These loops are packaged by the histones H1, H2A, H2B, H3
and H4 into nucleosomes and higher order chromatin structures.

1. Histones

Histones H3 and H4 are among the most rigidly conserved proteins in nature which
implies that every residue in these proteins is essential for their functions. Histones
H2A and H2B are more variable and each comprises a family of proteins. The
syntheses of some members of the H2A and H2B families are cell cycle dependent e.g.,
H2A1, H2A2 and others are not, e.g., H2ZAX, H2AZ. The very lysine nich histones are
the most variable of the histones and also comprise a protein family, some members of
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which are cell specific. These different histone subtypes provide considerable potential
for variability in nucleosome structures and functions.

Histones are the major structural proteins found in chromosomes. The highly
conserved histones H3 and H4 are involved in essential interactions in generating the
structural framework of the nucleosome which is then completed by the binding of the
more variable histoncs H2A and H2B and the most variable very lysine rich H1
histones [see 2,3]. Histones are multidomain proteins [3]: i) each of histones H3 and H4
has a flexible basic N-terminal domain and a structural apolar central and C-terminal
domain which is involved in interactions between H3 and H4 as shown by nuclear
magnetic resonance (NMR) spectroscopy [4] and x-ray crystallography [5]; ii) histones
H2A and H2B have flexible basic N-terminal domains and C-terminal tails [6]. Their
conserved apolar central domains are structured and involved in interactions between
H2A and H2B [5,6]; and iii) all H1 subtypes and H1° and HS have three well-defined
domains; a flexibie basic N-termina) domain, a central globular domain and a flexible
basic C-terminal half of the molecule [7-9]. Histones have been shown to form specific
complexes [see 2]. These are the (H2A, H2B) dimer, the (H3,,H4,) tetramer and the
histone octamer [(H2A H2B), (H3,H4,)] that forms the protein core of the nucleosome.
The nucleosome is completed by the binding of the fifth histone H1.,

1.1 HISTONE MODIFICATIONS

Histones are subjected to reversible chemical modifications that change the chemical
nature of the modified residues; acetylations of lysines in the N-terminal domains of
H2A, H2B, H3 and H4 and phosphorylations of serines and threonines in the basic N
and C-terminal domains of H1, H3 and H2A [sce 3, 10-12]. In addition H2A and H2B
are modified by the reversible covalent attachment of ubiquitin to lysines in the C-
terminal tails of H2A and H2B [see 3,13]. Acetylations and ubiquitinations modify only
about 5% of the core histones and thus can affect only small subcomponents of
chromatin. In contrast, all of the H1 and H3 protein molecules are phosphorylated at
metaphase and these phosphorylations appear to be required for general chromosome
functions at mitosis.

The acetylations of the core histones have been associated with chromatin
replication [10-12}, transcriptionally active and potentially active genes [see 3,10,11)
and the replacement of histones by protamines during spermiogenesis [14], i.e., all
aspects of DNA processing. Ubiquitinations of histones have been associated with
potentially active chromatin [[3,15] and with nucleosomes containing heat shock genes
in the non-induced state [16]. Ubiquitinated H2A is absent in metaphase chromosomes
[17] and we have shown that uH2A and uH2B are deubiquitinaied shortly before
metaphase and are reubiquitinated in anaphase leading to the suggestion that ubiquitin
labels an important subset of genes, and has o be removed prior to metaphase to allow
the correct packaging of nucleosomes into metaphase chromosomes {18]. The
phosphorylations of the very lysine rich histones have been strongly implicated in the
initiation and control of chromosome condensation (3, 19-21}, a process which also
requires, as a later event, the phosphorylation of histone H3 [21]. In relating chromatin
structure and function it is significant that all of the reversible chemical modifications
are located in the basic, flexible N and C-terminal domains of the histones [see 3].
Reversible histone modifications most probably provide the mechanisms for
modulating chromatin structure in response to cell functions. However, the effects of
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reversible chemical modifications on chromatin structure, stability and accessibility are
largely unknown. Also unknown are the locations of the basic flexible N- and C-
terminal regions of histones in nucleosomes and higher order chromatin structures.

2. Nucleosome Structure

Since its discovery in 1973, the nucleosome has been the focus of studies directed

towards an understanding of chromatin structure and function [sce 2]. For most somatic

cells, the nucleosome contains 195 = 10 bp DNA, the histone octamer and histone H1.

Nucleosomes from some specialized cells contain different DNA repeats; chicken

erythrocytes (212 bp), sca urchin sperm 241 bp, rabbit neuronal cells 165 bp [seec 22-
24]. The ends of the DNA can be further trimmed by micrococcal nuclease digestion to
give well-defined sub-nucleosome particles. These are the chromatosome with 168 bp

DNA and the full histone complement [25] and the core particle with 146 bp DNA and
the histone octamer [see 3]. The well-defined core particle has been subjected to

intensive structural studies. Neutron scatter studies of thesc particles in aqueous

solution proved that DNA was coiled around the histone octamer core [26-311. From

the neutron scatter curves and pair distance distribution functions, it could be deduced
that in solution the core particle was a disc 11.0 nm in diameter by 5.5 to 6.0 nm thick
with 1.7 + 0.2 turns of DNA of mean radius 4.5 nm coiled with a pitch of 3.0 nm on the
outside of the particle [27-31]. Low resolution x-ray (2.0 nm) and neutron (1.6 nm)

diffraction of core particle crystals gave a model of a wedge shaped disc 1 1.0x 5.7 nin
with 1.8 tumns of DNA of mean radius 4.4 nm and pitch of 2.8 nm [32-35] showing that
at low resolution the solution and crystal structures are very similar. The resolution of
the core particle crystal structure was extended by x-ray diffraction to 0.7 nm [30}]. In
the 0.7 nm structure the DNA is not uniformiy bent around the octamer but follows a
more irregular path with bends. The calculated radius of gyration, Rg, for the observed
histone octamer electron density in the core particle crystal structure of 2.97 nm is

substantially lower than that determined by neutron scatter contrast matching of 3.3 nm
[26,28-31]. However, not all of the electron density is accounted for in the core particle
crystal structure indicating the presence of disordered regions in the histones. This
difference between the neutron scatter octamer Rg of 3.3 nm and the calculated Rg of
2.97 nm for the observed histone electron density in the crystal structure, has been

attributed to disorder in the N- and C-terminal flexible, basic domains of the histones in
the core particle {31]. Further support for this proposal comes from our findings [37]
that controlled proteolytic removal of the N- and C-terminal domains from the histone
octamer reduces its Rg from 3.35 nm to 2.98 nm. More recently the crystal structure of
the histone octamer has been solved to 0.33 nm resolution [5]. This shows the modes of
interactions between the structured, apolar, central regions of the core histones in the
(H2A,H2B) dimer, (H3,,H4,) tetramer and the histone octamer. However, no electron
density was observed for the flexible N- and C-terminal domains of the core histones
[5] most probably because of static or dynamic disorder of these regions. These
disordered regions correspond exactly with the disordered, mobile regions identified by
NMR spectroscopic studies of the (H2A,H2B) dimer and the (H3,,H4,) tetamer [4.6].
An NMR study of the histone octamer and trypsin-trimmed histone octamer showed
clearly that the N- and C-terminal tails are mobile [38]. These regions correspond
exactly with the disordered regions in the 0.33 nm solution crystal structure of the
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histone octamer [5]. An understanding of chromaltin structure/function relationships
will require details of the molecular interaction of these flexible basic N-terminal

domains and C-terminal tails in chromatin and the effects of the reversible chemical
modifications on these interactions. Previously, we have shown that histone

hyperacetylation has little effect on the shape of the 146 bp core particle [39). Based on
these observations it was predicted that histone hyperacetylation would exert its effects
on the DNA entering and leaving the nucleosome i.e., on the DNA regions outside of
the core particle 146 bp DNA. Recent X-ray scatter studies of fully defined 195 bp
acetylated nucleosome particles support this prediction [manuscript in preparation].

Understandings of the modes of interactions and the functions of the flexible basic N-
terminal domains of the core histones and the C-terminal tails of histones H2A and
H2B are central to understanding nucleosome structures and function. Recently, S.1.
Usachenko in cur group has mapped the histone DNA contacts in nuclecsome core
particles from which the C- and N-terminal regions of histone H2A were selectively
trimmed by trypsin or clostripain [40). It was found that the {lexible trypsin sensitive C-
terminal "tail" of H2A contacted the DNA at the dyad axis, whereas its globular domain
contacts the end of the 146 bp DNA in the core particle. The appearance of the H2A
contact at the dyad axis was found only in the absence of linker DNA and did not
depend on the absence of linker histones. In the absence of linker histones no contact of
H2A with the DNA at the dyad axis was observed. It was presumed under these
conditions in native H1 depleted chromatin that the C-terminal “tail” bound to the linker
DNAs entering and leaving the nucleosome. These results demonstrate the ability of the
histone H2A C-terminal tails to rearrange. This rearrangement may play a role in

nucleosome disassembly and reassembly and the retention of the H2A/H2B dimer or
octamer during the passage of polymerases through the nucleosome.

The current models for the chromatosome and the nucleosome are based on
the crystal and solution structures of the 146 bp core particle. The model for the
chromatosome contains two full turns of DNA that are coiled around the histone
octamer and complexed with the fifth histone H1 [24,41] most probably through the
binding of the H1 globular domain [42,43]. The nucleosome mode! contains in addition
the linker DNAs which join adjacent chromatosomes. The paths of these linker DNAs
in the different order of chromatin structures are not known. Major outstanding
questions are: i) the locations and modes of binding of the N-terminal domains which
through reversible chemical modification are involved in chromatin functions; ii) the
mode(s) of binding of the very lysine rich histones, and il1) the DNA paths entering and
leaving the nucleosome.

3. Chromatin Structure

Chromatin is made up of repeating subunits, the nucleosome, joined by the continuity
of the DNA molecule. At low ionic strength, chromatin is in an extended form first
described as the 10 nm fibril. Neuvtron scatter studies of extended chromatin gave a
mass per unit length equivalent to one nucleosome/10 + 2 nm ie., a DNA packing ratio
of about 6 to 7 [44]. The measured cross-section radii of gyration of the DNA and
histone components required an arrangement of flat discs with their faces roughly
parallel to the axis of the fibril, i.e., edge-to-edge. An edge-to-edge zig-zag arrangement
of nucleosome discs has also been proposed from E.M. studies [41}.
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On increasing the ionic strength, the extended form of chromatin undergoes a
transition to the 30 nm fibril. Neutron scatter studies of this transilion suggest a family
of supercoils undergoing increasing compaction with increasing ionic strength. In its
most compact form, the hydrated supercoil has a mass per unit length equivalent lo 6-7
nucleosomes per tum of a coil of pitch 11.0 nm and outer diameter of 34 nm [44]. It is
described by the previously proposed supercoil [45] or solenoid [46] of nucleosomes. In
the fiber diffraction patiem of chromatin, the small number of diffuse diffraction
features and their orientation are explained at low resolution by this supercoil of
nucleosomes [45,47]. This supercoil or solenoid is a one start helix. An alternative
proposal is based on the E.M. obscrvations of an intermediate unfolded state of
chromatin in which adjacent nucleosomes form a close-packed zig-zag {48,49]. Recent
cryo E.M. studies of oligonucleosomes support an irregular zig-zag conformation of
chromatin in solution [50). In onc model this zig-zag ribbon is coiled into a supercoil,
i.e., a two-start helix [49]. Additional to being a one-start or a two-start helix these
models differ markedly in the locations of histone H1 and linker DNA. In the former
model, linker DNA and H1 are located in the hole along the axis of the supcrcoil of
nucleosomes [46,47] whereas in the latter model HI and linker DNA are located
between adjacent nucleosomes in the coiled ribbon, i.e., in the "wall” of the nucleosome
coil. A third type of model [51] is a two-start left-handed helix with linker DNA
crossing from one side of the solenoid to the opposite side, similar to an earlier proposal
{52]. Neutron scatter studies of long chromatin reconstitated with deuterated H1 have
shown that the bulk of H1 is located in the hole along the axis of the 34 nm supercoil of
nucleosomes [53]. This provides strong support for the supercoil [45] or solenoid
(46,47) models for the "30 nm" filaments. More recently atomic probe microscopy
studies of chromatin structure by van Holde and colleagues [54-57] have raised
questions conceming the degree of order in the “30 nm fibril”. One problem with the
published models for the "30 nm fibril" [44-49] is that they are depicted as very regular
structures extending over large distances. However, the scanning force microscopy
studies [54-58] show that the regularity of the "30 nm filament" extends over short
distances only. This accords with EXM. data [50] and with previous x-ray [47] and
neutron [45] diffraction thal give only a small number of diffuse diffraction peaks
consistent with a low degree of order in the structure.

4. DNA Packing Ratio of Active Chromatin

In the E.M. active transcriptional units have been observed for the ribosomal RNA
genes in the embryo of Oncopeltus fusciatus [59] and the Balbiani rings of the salivary
glands of Chironomus tentaus {60,61]. For Baibiani rings a comparison of the length of
the transcription product i.e., the 7SRNA with the length of the transcribing chromatin
fiber gave a DNA packing ratio of 3 1o 4:1. From E.M. tomographic studies, packing
ratios of 4 to 8:1 have been obtained for different regions of the Balbiani ring
transcription unit [62,63]. The latter value is comparable with the neutron scatter
determined packing ratio of the extended 10 nm filament of 6 to 7:1 [44]. Thus, the
unfolding of the 34 nm supercoil of nucieosomes to the extended form and beyond is
probably a major step in the structural transition from inactive to active chromatin.

N W WERRST AT R W T T T e Y e T il e ade



116

5. Factors Involved in Active Chromatin

The changes involved in chromatin structure and stability which precede the passage of
RNA polymerase remain poorly defined. Correlations have been found of histone
composition and subtypes, histone modifications and non-histone protcins with active
chromatin. These include: i) full or partial depletion of histone H1 [64,65], ii) hyper
acetylation of the core histones, particularly H3 and H4 [see 10-12]; iii) ubiquitination
of histones H2A and H2B [14,16,17]; iv) "active” core particles which selectively bind
RNA polymerase II are depleted in one (H2A,H2B) dimer [66] and v) the binding of
high mobility group (HMG) proteins [67]. We have shown, however, that full or partial
dissociation of the histone octamer is not required for transcript elongation although
arrays of nucleosome cores by phage T7 RNA polymerase (see later) [68). Concerning
chromatin structure/function relationships we have shown that histone acetylations, in
particular the acetylation of histones H3 and H4 [69,70] cause a reduction in the
nuclecsome DNA linking number change, AL,, from -1.04 + 0.08 to -0.82 + 0.05 thus
releasing ncgative DNA supercoiling from acetylated nucleosomes into a constrained
chromatin domain which would facilitate chromatin domain unfolding. Very recently
those studies have been extended to the effects of the fuily acetylated forms of either
histones H3 or H4. It was found that the full acetylation of H4 but not H3 caused the
change in the linking number [71]. The sites of reversible ubiquitinations of H2ZA and
H2B are located in their basic C-terminal tails [14,17,18,72]. It has been proposed that
ubiquitin labels potentially active chromatin containing heat shock [14] and stress genes
{17,18]. Thus, knowing the location of ubiquition and how ubiquitination of H2A and
H2B modifies chromatin structure and stability are essential to understanding the
functions of histone ubiquitination.

6. Nucleosome Positioning

Virtually all of the DNA in eukaryolic genomes is packaged by histones into

nucleosomes and higher order chromatin structures. Some of these nucleosomes have
been shown to be precisely positioned on the underlying DNA sequence, most probably
for functional requirements [see 72,73). The factors involved in the precise positioning
of nucleosomes are not well-understood. Additional to the identification of nucleosome
positioning sequences [see 73] statistical analyses of DNA sequences contained in

native core particles suggest the involvement of more general sequence properties.

Following an carlier proposal that DNA flexibility or bendability might be a factor in
nucleosome positioning [74], sequence constraints as determinants of nucleosome core
particle positioning have been identified [75,76]. Based on these findings, earljer
observations that long stretches of some homo-nucleotide sequences cannot be

assembled into nucleosomes [77,78] can be explained by their increased stiffness

relative to native DNA sequences. However, from sequence engineering experiments
[79,80] it has been concluded that aithough DNA bendability shouid be considered as a
general property of DNA sequences, other more specific factors in nucleosome

positioning cannot be excluded. Very lysine rich {VLR) histones that are required for
the stability of the 30 nm supercoil or solenoid of nucleosomes [41], are thought also to
be involved in nucleosome positioning [81].
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To study the protein factors involved in nucleosome positioning my laboratory
has used DNA substrates containing tandem repeats of nucleosome length DNA from
the sea urchin lytechins 5S RNA gene. This DNA repeat has been shown to contain a
unique nucleosome positioning sequence {82,83]. Head to tail tandem repeats of
nucleosome length DNA have been constructed by Simpson's group {83]; these arc 18
repeats of 207 bp DNA (207),5 and 45 repeats of 172 bp DNA (172),5. The 172 bp
sequence contains 7 unique restriction sites and the longer 207 bp sequence contains 8
unique restriction sites. To determine the precise positions of nucleosome cores formed
by the histone octamer, the assembled 172,5 and 207,; chromatins were trimmed back to
146 bp core particles by micrococcal nuclease and 5’ end-labeled. The 14642 bp of
DNA extracted from these core particles was digested with up to eight restriction
enzymes. Analysis on denaturing polyacrylamide gels allowed the core particle
boundaries to be mapped relative to the unique restriction sites. This analysis showed
that most but not ail of the histone octamers assemble on one dominant but not strictly
unique position from nucleotide 6 to 153 bp on both the 1725 and 2074 DNA head-to-
tail multimers. The unique position reported for the histone octamer assembled on the
260 bp monomer from 5SrDNA [82] lies 10 to 15 bp downstream from the above major
site identificd for the 172 bp and 207 bp DNA multimers. This could imply strongly
that regions of DNA extemal to the 172 bp and 207 bp DNA influence the final position
of the histone octamer on the 260 bp DNA monomer.

In addition to the dominant position from 6 to 153 bp occupied by a large
proportion of the histone octamers, minor positions were identified that flanked the
major position. Relative to this major position one of the minor positions in the 207 bp
DNA was 10 bp upstream; two minor positions were 10 and 20 bp downstream and two
other minor positions were further away, 40 bp downstream and 50 bp upstream. The
172 bp multimer gave the same octamer positions except that the more distant locations
of 40 bp downstream and 50 bp upstream were absent. It is to be noted that all of the
minor positions on the 172 bp and 207 bp DNA multimers are located in multiples of
+10 bp away from the dominant position. This is significant because 10 bp is the helical
repeat of B-form DNA coiled around the histone octamer in the nucleosome core
particle [36].

These observations, for nucleosome cores assembled on the tandemiy repeated
nucleosome positioning DNA sequences, of a major position flanked by minor
positions spaced by multiples of 10 bp DNA most probably result from the dynamic
nature of the primarily clectrostatic interactions between the basic histones and the
DNA coil. They raise the possibility that nucleosome cores have the ability to move
between the major and minor positions depending on solution ionic conditions and
temperature.

7. Effects of VLR Histones on Nucleosome Positions

Mirococcal nuclease digestion of (207),5 and (172),s chromatins assembled with histone
H5 showed regularly spaced nucleosomes. Both the core particle 146 bp and,
importantly, the chromatosome 168 bp nuclease digestion stops were well-defined
suggesting that H5 {(and H1) provide protection similar to that of native chromatin. Of
considerable interest was the finding that the complexity of the 207 bp DNA
nucleosome bands discussed above was reduced by H5. The addition of histone H5
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appeared therefore to reposition many of the nucleosome cores between the minor
position and dominant positions. DNA was extracted from the 208 bp and 172 bp
chromatosome bands and digested with up to eight restriction enzymes as described
above for the 146 bp DNA from the core particle. The digested DNA from the 207 bp
chromatosome cormresponded to two major positions with comparable populations [0 bp
apart. Surprisingly, the 172 bp chromatosome was more complex and gave digestion
bands corresponding to four major positions of similar abundance all spaced by
differences of 10 bp. The boundaries of these 172 bp and 207 bp chromatosomes were
in the same "10 bp phase” as found for the 146 bp core particles suggesting identical
rotational settings of the DNA for both types of particles. Clearly, the interactions of the
outer regions of the chromatosome DNA with the globular domain of H1 and H5
mfluences the probability of some nucleosome core locations. Thus on the 58 rDNA
207 bp and 172 bp nucleosome positioning sequences the chromatosome is a real
posilioning entity defined by both the octamer/DNA interactions and chromatosome/H |
or HS interactions.

8. Nucleosome Mobility

The observation of a cluster of nucleosome core positions flanking a dominant position
on a strongly positioning DNA sequence suggests that the nucleosome cores may be
able to exchange between positions in the cluster depending on ionic solution

conditions and temperature. Two-dimensional gel clectrophoresis has been used to
investigate the effects of buffer and temperature on the positions of the nucleosome
cores [85]. Mononucicosomes excised from the long 207,, chromatin by the restriction
enzyme Aval migrale as three bands in a nondenaturing nucleoprotein particle

polyacrylamide gel. This Aval digest was divided into two aliquots for two

nucleoprotein polyacrylamide gels and run in parallel at 4°C. One gel was incubated at
37°C for onc hour and the other gel kept at 4°C. Both gels were run in paralle] in the
second dimensions under the same conditions as the first dimension. For the gel which
was incubated at 4°C between the first and second dimensions the three nucleosome
core bands run on the diagonal as expected. For the gel that was incubated at 37°C
between the first and second dimension each of the three bands from the first dimension
redistributed into three bands in the second dimension. The two-dimensional gel assay
experiment was repeated with an Aval digest that had been incubated at 37°C for one
hour in buffer prior to gel loading. When this gel was incubated between the first and
second dimensions, the 207 bp nucleosomes migrated as a square of spots, indicating
that each of the three original bands had again redistributed into three bands. Taken
together these results show that 207 bp nucleosome cores excised from (207,

chromatin assembled with histone octamers have the ability to redistribute at 37°C.
Nucleosome positioning therefore appears (o have a dynamic character. The mobility
was observed in low salt at 37°C but not at 4°C. At 4°C the mobility may be too slow to
detect. The positions in the cluster have the same coiling of DNA around the

nucleosotne, but the boundaries of the nucleosome cores lie at 10 bp increments, i.e.,
the B-form DNA helical repeat, along the path of the DNA coil. Because the dominant
position of the octamer on the repetitive sequence is flanked by weaker positions spaced
by 10 bp intervals, it would appear that the positioning signal has at least some

rotationally defined character 1o it, such as bendability. A purely translational signal
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(requiring alignment at defined points in the nucleosome) would not allow this type of
fluctuation around an energetically favored nucleosome binding site. The mobility of
nucleosome cores on the strongly positioning 5§ gene DNA sequence suggests that
mobility is a general property of H1 depleted chromatin. This was tested for long H1
depleted chromatin digested with restriction enzymes to avoid the trimming of
overhanging DNA ends {86]. This was necessary because a range of mononucleosome
lengths greater than 170 bp is required to distinguish between differently positioned
nucleosomes in gel electrophoresis. The slowest migrating nuclcosomes contained
DNA lengths ranging from about 220 bp to greater than 300 bp.

The two dimensional gel electrophoresis was carried out as described above
with gel stripes containing the bands of interest from the first dimension gel. Both first
and second dimensions were at 4°C. Between the two runs the gel strips were incubated
for 1 hour at 4°C for the control and for 37°C for the mobility experiment. The control
incubation of mononucleosomes at 4°C shows the diagonal line expected of immobile
nucleosomes whereas for the incubation at 37°C many but not all the mononucicosomes
have become mobile on the underlying DNA scquences as shown by an off-diagonal
“fan” of DNA intensity. There is a marked bias for an increase in clectrophoretic
velocity indicating a preference for nucleosome cores to occupy end positions. Thus at
low ionic strengths the mobility of histone octamers is potentially a generat behavior of
a large proportion of native nucleosomes [86].

An important determinant of nuclcosome positioning is the DNA anisotropy of
flexibility required to accomodate the DNA tight bending around the histone octamer
[76]. Because the binding affinity is the cummulative effect of many small bends
positioning is often rotationally unique but translationally degencraie [87]. There are
several examples of multiple positions spaced by 10 bp [88,89]. The mobility of a
nucleosome core appears to depend on the sequences flanking its position. The histone
octamer would be mobile if the DNA coil continued beyond the immediate location of
the nucleosome core. Within this extended DNA coil the histone octamer would be able
to jump through units of a B-form DNA helical repeat. This mobility would be limited
by the same elements that act as boundaries to nucleosome positioning [reviewed in
73). The significance of this nucleosome core mobility is that unlike the nucleosome
sliding observed at higher non-physiological ionic strengths, which suppresses histone
DNA interaction, all of the histone/DNA contacts are maintained at the low ionic
strengths used in these experiments. It would appear that chromatin is a more dynamic
structure than is widely assumed {86].

In vivo, local ionic conditions differ and a number of other factors such as
histone modifications, binding of very lysine rich histones, DNA binding proteins or
interactions with adjacent nucleosomes may suppress or enhance nucleosome mobility.
Nucleosome cores may be fixed or free 1o move depending on functional requirements.
Binding sites for transacting factors could become exposed to the factors involved in
the control of gene expresston.

9. Very Lysine Rich Histones Suppress Nucleosome Mobility

The hypothesis that nucleosome core mobility may be suppressed for functional
requirements was tested by the binding of the very lysine rich histones H1 and HS5.
Very lysine rich histones have been identified as general repressors of transcription
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[90.91]. Both Hi and H5 can be faithfully reconstituted into 5SrDNA chromatin [84].
Using the two dimensional gel clectrophoresis, the mobility of histone octamers
positioned on constructs of sea urchin SStDNA was shown to be efficiently suppressed
by the binding of H1 or HS to nuclecsomes [92]. This implies that if nucleosome
mobility is required for access to the underlying DNA sequences then the very lysine
rich histones could function as general gene repressors through the immobilization of
nucleosome cores. This function would be additional to the role of very lysine rich
histones in stabilizing the "30 nm" supercoil of nucleosomes. Histone H5 was found to
be a stronger inhibitor of nucleosome core mobility which correlates with its stronger
binding to chromatin (92]. These results have been reproduced using the Xenopus
5SrDNA sequence repeat. Very lysine rich histones were found to inhibit nucleosome
core mobility and repress transcription, demonstirating that stable states of gene
repression can be established even at the nucleosome level [93]. All the above studies
rajsc the possibility that during development the redistribution of very lysine rich
histone subtypes provide another mechanism for suppressing the activities of genes not
required at particular stages of development.

In vivo mechanisms for controlling nucieosome organization and functions
have recently been identified that involve complex cofactors. Nucleosome
rearrangemenis have been reported for H1 containing chromatin assembied in a cell
free Drosophila embryo extract. On the addition of transcription factors it was found
that nucleosomal arrays at the promoters of hsp70 and hsp26 genes were disrupted but
only in the presence of ATP [94-96]. Thus this nucleosome rearrangement was
dependent on ATP hydrolysis. A nucleosome remodeling cofactor (NURF), a 500 kDa
proicin complex, was identified in these extracts [97]. The NURF is thought to function
with transcription factors in an ATP dependent manner to rearrange HI containing
nucleosomes positioned on the promoter regions prior to transcription. NURF is distinct
from the previously reported SWI/SWF transcription activator comples [reviewed in
98]. The SWI/SNF complex is a 2 MDa protein complex that relieves the constraints of
nucleosomal packaging of DNA prior to transcription through a mechanism that is
different from that of NURF. These in vivo mechanisms for the disruption or
reorganization of nucleosomal arrays are presumably to ailow access of transacting
factors to their specific DNA binding sites. They are more complex than nucleosome
core mobility in the absence of histone HI that has also been shown to allow access of
transcription factors to their DNA binding sites [93].

10. Transcription Through Nucleosomes

Chromatin structure presents a barrier to the efficient transcription of active genes.
Chromatin changes associated with active genes have been listed above and include the
hyperacetylation of the histone octamet, particularly histones H3 and H4. Presumably
the nucleosome remodeling cofactor [93-97] binds to the active or accessible promoter
regions of specific genes to disrept nucleocsomes for transacting factors to bind and
initiate gene expression. Nucleosome mobility [85,86,92] also provides a mechanism
for transacting factors to bind to gene regulatory sequences [93] and initiate gene
expression. Following gene activation RNA polymerases are faced with transcribing the
DNA packaged into "active” nucleosomes. The bacteriophage SP6 RNA polymerase
and eukaryotic RNA polymerases II and III have been shown to transcribe through one
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nucleosome [99,100] or short stretches of nucleosomes [101,102]. The problems with
these studics were that the nucleosome templates were not fully defined as regards
protein composition, nucleosome spacing and positioning or they contained only one or
a few nuclcosomes.

Qur studies of transcription through nucleosomes [68,103-104] have used
the welil-characterized tandemly repeated nuclcosome positioning sequence 207,
described above for the nucicosome positioning and mobility studies. The DNA
construct (207),, was inserted between the T7 and SP6 transcription promotors of
pGEM-32. Nucleosome cores were assembled on supercoiled, closed circular pT(207),;
and double label experiments were performed to determine the effect of nucleosome
cores on both the initiation and elongation of transcripts by T7 RNA polymerase. Both
transcript initiation and elongation were inhibited, the extent of the inhibition being
directly proportional to the number of nucleosome cores assembled on the pT(207)
DNA template. Continuous regularly spared linear arrays of nucleosome cores were
obtained by digesting the assembled pT(207),, chromatin with Dral, for which a unique
restriction site lies within the nucleosome positioning sequence of the 207 bp repeat.
This site is protected from Dral by the formation of nucleosome cores. Dral will cut
only naked DNA repeats and not the DNA repeats assembled into nucicosome cores.
Thus the digestion of partially assembled pT(207),, with Dral gives the T7 promotor
followed by continuous runs of assembled nucleosome cores of different lengths. In
vitro transcription with T7 RNA polymerase gave an RNA ladder with a 207 nucleotide
spacing demonstrating that transcription had proceeded through continuous arrays of
positioned nucleosome cores. It was shown that nucleosome cores partially inhibit the
elongation of transcripts by T7 RNA polymerase, while allowing passage of the
polymerase through each nucleosome corc at an upper efficiency of 85%. Hence,
complete transcripts are produced with high cfficiency from short nucleosomal
templates, whereas the production of full length transcripts from large nucleosomal
arrays is relatively ineffective. These results indicate that nucleosome cores have
significant inhibitory effects in vitro not only in transcription initiation but also on
transcription clongation and that special mechanisms probably exist to overcome those
inhibitory effects in vivo. The question of whether histone octamer disociation was
required for the process of transcription was addressed by the exiensive cross-linking of
the histone octamer prior o its assembly into pT(207),, chromatin {68]. Transcription
studies of this heavily cross-linked (207),; assembled chromatin lacking H1 have
demonstrated that there is no need for the disassociation of the histone octamer during
clongation because transcription was not affected by the irreversible crosslinking of
histones within the histone octamers.

As discussed above, histone H1 has a profound effect on the stability of
nucleosomes and is required for the generation and stability of the 34 nm supercoil of
nucleosomes. H1 has been strongly implicated in the formation of transcriptionally
silent chromatin and has been demonstrated 1o be a general repressor of transcription
initiation in vitro {106,107]. The effects of histone H1 on transcription of the pT(207)s
assembled chromatin by T7 RNA polymerase have been investigated and both
transcription initiation and elongation were found to be fully suppressed by histone HI1.
One interpretation of these results is that very lysine rich histones may inhibit
transcription by stabilizing nucleosomal structures. This would suppress the mobility of
nucleosome cores located on promotors, and thus reduce the accessibility of promoter
regions to transacting factors and RNA polymerases. Further, stabilization of
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nucieosome cores may provide resistance to the progress of RNA polymerase during
transcription clongation. This raises the possibility that histone HI provides another
mechanism for regulation of transcription of nucleosomal templates by the suppressor
of nucleosome mobilities.

Summary

All aspects of DNA processing are proving to be dauntingly complex and involve not
only polymerascs and many regulatory factors but also the functions of nucleosomes.
Our understanding of chromatin structure/function relationships has advanced very
slowly. It is now clear, however, that an understanding of histone and nucleosome
functions are integral to understanding DNA processing. Histones are no longer thought
of as passive structural components of chromosomes but through the reversible
chemical modifications of histones are clearly involved in chromosome functions. Our
view of nucleosome cores as static structures has changed drastically. Nucleosome
cores are capable of short-range mobility and can exchange between a cluster of
positions spaced by intervals of 10 bp DNA. This nucleosome mobility clearly has
functional significance because the potential now exists for sequence specific DNA
binding proteins to influence the position of nucieosome cores and allow access to their
DNA binding sites. The ability of the very lysine rich histones to suppress nucleosome
core mobility implies that they can function at the individual nucleosome level in
addition to their role in generating and stabilizing higher order chromatin structures.
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L. INTRODUCTION

The expansions of triplet DNA repeats define
a new type of mutation in the human genome (1, 2].
The genetic instability due to triplet expansion is associ-
ated with many genetically inherited neurological disor-
ders [3-6).{Figures 41-T and 41-2)show different triplet
repeats in different genetic disorders and their associ-
ated genes. These triplet repeats are located most fre-
quently inside the noncoding regions (upstream, down-
stream, intron) of genes and less frequently inside the
coding regions. All of the unstable triplet repeats identi-
fied so far are GC-rich of the form (CXG)/(CX'G),
where X and X' are complementary to each other: for
example, GCC/GCC in the fragile X syndrome (FraX)
(Fig. 41-1A, [3]), CTG in myotonic dystrophy (DM)
(Fig. 41-1B, [4]), and CAG in Huntington’s disease
(HD) (Fig. 41-1C, [5]) belong to this category. The only
ex§eption is the GAA/TTC repeat associated in Fried-
reich’s ataxia (FRDA) (Fig. 41-2, {6]).

Ex;_)ansions of DNA triplet repeats (or any repeat)
may involve one of the three mechanisms [7-9]:
(i) unequal crossover, i.e., crossover between tracts mis-
aligned by an integral number of repeats; (ii) slippage
du_ring DNA replication, ie., during replication, the
primer and template strand transiently dissociate and
the slippage of the strands can then result in either
expansion or deletion; and (jii) misalignment followed

~C PN

c-X-G-c-x-~ \ C-X-G-C-X-G-C
o Mol x Mo llfl ofill
G—-X-C-G-X-C._ / G-X-C-G-X-C—

by excision repair, i.c., a mutagenic alternative DNA
secondary structure may be formed during or after repli-
cation, which is excised and repaired leading to either
deletion or expansion. Although these mechanisms have
the potential to explain genetic instabilities associated
with disease-related triplets, the exact mechanism has
yet to be proven. However, it is generally accepted that
the key step in triplet expansion is the formation of
non-Watson—-Crick DNA structures during replication
or crossover recombination [10, 11]. Hence, the identi-
fication and characterization of these unusual DNA
structures formed by tripiet repeats are of crucial impor-
tance in understanding the mechanism of expansion.

Unusual DNA structures include hairpins, cruciforms
and junctions, and intramolecular triplexes and tetra-
plexes. Once they are identified and compiletely charac-
terized, it is necessary to determine whether these un-
usual structures are preferentiaily stabilized in longer
repeats. Finally, it has to be determined by in vitro
and in vivo assays whether these structures can, indeed,
cause DNA slippage structures during replication.

In this chapter, we provide experimental evidence in
support of the hypothesis that unusual DNA structures
are responsible for the expansions of the disease-related
triplets and their associated genetic instabilities. For
this, we have performed the following experiments:
(i) we have characterized the unusual DNA structures
by nondenaturing gel electrophoresis of short and long

g
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FIGURE 41-1 GC-rich triplet repeats and their locations with respect to their associated genes: (A) CCG upstream of
the FMR1 gene, (B) CTG downstream of the DMPK gene, and (C) CAG inside the exon of the HD gene. Hairpin structures
formed by the (CXG), triplet repeats have three-nucleotide loops for odd repeat numbers and four-nucleotide foops for
even repeat numbers. Note that mismatches have orientations similar to the flanking G-C pairs and therefore can be easily

embedded into the structure.
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tripiet repeats, (ii) we have detenmined the high-
resolution structures of short triplet repeats by homo-
nuclear (‘H-'H) and hetero (“N-'H) NMR spectros-
copy, and (iii) we have detected these unusual DNA
structures by an in vitro replication assay using various
DNA polymerases and their accessory proteins. Two
classes of unusual DNA structures are discussed, i.e.,
the (CXG) triplet repeats that tend to form hairpin
structures (Figs. 41-1A-41-1C) and the GAA/TTC trip-
let repeats that tend to form triplexes (Fig. 41-2). For
clarity, the structural studies are discussed separately
for each triplet repeat.

Many structural investigations on triplet repeats
have been carried out by us and other laboratories
(12-48]. The work by other laboratories essentially falls
into five distinct categories;: (i) detailed thermodynamic
analyses that correlate the stabilities of various (CXG)
hairpins with their repeat lengths [34), (ii) a combina-
tich of low-resolution NMR and thermodynamic and
genetic analyses that provides an elegant explanation
of how the genetic instability in the triplet repeats
results from unusual DNA structures and not from a
deficiency in the mismatch repair system as found for
the dinucleotide instability in colon cancers [11,24-27],
(iii) gel mobility studies on long tracts of triplet repeats
that show the presence of multiple slipped structures
(18, 37], (iv) reconstitution experiments that show
differential abilities of different triplet tracts to form
nucleosomes [e.g., (CTG), forms better positioned and
more stable nucleosomes than (GCC),] [29, 30, 40,
41, 106), and (v} in vitro and in vivo replication and
mismatch repair assays with long tracts of triplet
repeats that demonstrate the presence of slippage
structures (28, 31, 39, 4245, 47, 48]. These data are
extremely important since they provide clear indication
that the disease-related triplet repeats can form stable
unusual DNA structures which may also be present
during their replication. As explained below, our ef-
forts [13, 32, 33, 46, 105] complement the literature
by providing high-resolution NMR structural details
of the hairpins or triplexes formed by the triplet
repeats (see Figs. 41-1 and 41-2). Also our replication
assay clearly distinguishes the hairpin-induced slippage
structures from the triplex-induced slippage structures.

Homonuclear ('H-'H) and (*N-'H) heteronuclear
NMR spectroscopy give the following structural details
of the hairpins and triplexes: (i) exact base pairing
schemes, (ii) precise chainfolding, and (iii) interactions
involving nuclectides in the loop and in the stem.
These structural details enable us to explain how single
interruptions in the GCC (or CAG) repeat or in the
GAAJTTC repeat confer genetic stability by lowering
the stability of the hairpin or the triplex, respectively.
In addition, the local structure of the CpG sites in

the stem of the (GCC), hairpin helps explain why
this hairpin is a better substrate for methylation by
the human methyltransferase than either the Watson-
Crick duplex, (GCC), (GGCQ),, or the (GGC),
hairpin.

For our in vitro replication assay we have selected
repeat lengths, n < 40, such that only one copy or a
few copies of the alternative structures are formed in
the template. Thus, the nature of the replication product
in the in vitro assay truly reflects the nature of the
alternative structure. For example, the formation of a
hairpin in the template causes a replication bypass and
a reduction in the length of the replication product that
corresponds to length of the hairpin. On the other hand,
if a triplex is formed in the template replication arrest
occurs in the middle of the repeat and the point of arrest
indicates the length of the triplex. Note that the CXG
repeats tend to form hairpin-induced slippage structures
whereas the GAA/TTC repeats tend to form triplex-
induced slippage structures. However, for n » 40, the
presence of multiple copies of the alternative structures
may lead to a higher order template structure resulting
in replication arrests irrespective of whether the individ-
ual units are hairpins or triplexes. Apart from distin-
guishing a hairpin from a triplex, we can also determine
the stability of a hairpin or a triplex formed by triplet
repeats in the template as a function of its length. Note
that in our replication assay the presence of the grow-
ing complementary strand, DNA polymerase, and
structure-destabilizing proteins such as single-strand
binding proteins and other ATP-dependent accessory
proteins tend to destabilize a hairpin or a triplex. Al-
though not proven directly, it is reasonable to predict
that the same slippage structures will be present either
in the template or in the growing chain during replica-
tion of these triplet repeats in vivo. Hairpin- or triplex-
induced DNA slippage structures in the template should
lead to deletion whereas the slippage in the growing
chain should cause expansion.

II. FRAGILE X TRIPLET REPEAT,
(GCO)/(GGC),: STRUCTURAL
BASIS FOR EXPANSION AND
CpG METHYLATION

The fragile X syndrome is the most common X-linked
mental disorder, accounting for 50% of all reported
cases [49]. The fragile X syndrome was originally identi-
fied by the presence of a microscopic gap or constriction,
termed a fragile site, in the long arm of the X chro-
mosome at Xq27.3 in affected individuals by culturing
these cells under conditions of folate deficiency [50]. Re-
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cently, the gene associated with fragile X syndrome has
been isolated and is cailed FMR1 (fragile X mental
retardation-1). The FMR1 gene shows three important
features in individuals affected with fragile X syndrome
[49-53): (i) the 5’ untranslated region of the gene con-
tains the triplet repeats of (GGC/GCC) which are mas-
sively expanded, (ii) the CpG islands inside the triplet
repeat are hypermethylated, and (iii} the expression
of the FMR1 gene is either considerably reduced or
completely suppressed. The expansion of GGC/GCC
triplet repeat and the associated hypermethylation are
probably the cause of the suppression of the FMR1 gene
and the fragile sites in the X chromosomes. The number
of GGC/GCC repeats in normal phenotypes varies be-
tween 6 and 53 with 29 occurring most frequently. Pre-
mutation alleles have between 54 and 200 repeats,
whereas full mutation alleles have more than 200 repeats
(Fig. 41-1A). The risk of expansion to the full mutation
is depéndent on the size of the premutation allele. If
the repeat number is smalf (50-70 copies) then the risk
is low, and if the number of copies is high (>90) the
risk is close to 100%. The risk of expansion depends
also on the purity of the repeat; a single base interrup-
tion [e.g., (GCC)y - TCC - (GCC),] in the original
repeat sequence reduces the risk [54).

In this section, we first show that the individual single
strands of the fragile X repeat, i.e., (GCC), and {GGC},,
can form hairpin structures. We then describe the results
of an in vitro replication assay that demonstrates the
presence of hairpin-induced slippage structures. We also
show by a methylation assay why the (GCC), hairpin-
induced slippage structure is an exceilent substrate for
the human methyltransferase, the enzyme that methyi-
ates the Cs at the CpG sites. Finally, we propose a
structure-based mechanism of how expansion and hyp-
ermethylation can cause suppression of the FMR1 gene
and the onset and progression of the fragile X syndrome.

A. Structural Characterization of (GCC), by
Gel Electrophoresis

Theoretically, at neutral pH, the two individual
strands of the fragile X repeat can form either a mis-
matched homoduplex or a monomeric hairpin. The ho-
moduplex and the stem of the hairpin of the (GCC),
strands involve Watson-Crick G - C pairs and mis-
matched C - C pairs. Note that the hairpin of (GCC),
should have half the length but approximately the same
cross-section as the homoduplex (i.e., [(GCC),],) ot the
Watson-Crick duplex (i.e., (GCC), - (GGC),]. There-
fore, the duplex is expected to show about haif the gel
mobility of the corresponding hairpin. The electropho-
retic mobilities of (GCC), in a nondenaturing (15%)

polyacrylamide gel reveal the presence of only hairpins
for repeat lengths, n > 5 at both S and 200 mM NaCl
concentration {32].

B. Structural Characterization of (GCQC),
by NMR

The imino proton spectra of (GCC)s and (GCC); at
5°Cand at pH 6.3 show the presence of G-iming protons
within 13.4-13.1 ppm that correspond to Watson-Crick
G - C pairs as well as a broad envelop around 11.0
ppm that corresponds to loop G-imino protons. The
temperature-dependent imino proton profile of
(GCC)s 4 reveals that the loop G-imino signals disappear
above 5°C. Deconvolution of the areas under the imino
signals indicates the presence of four G - C pairs in
(GCC)sand five G - C pairsin {(GCC)s which are consis-
tent with either a blunt hairpin or a slipped hairpin. For
example, a blunt hairpin of (GCC)s should have the G1
- C15 pair whereas the slipped hairpin of {(GCC)sshould
have the unpaired C15. Seefor descriptions
of slipped and blunt hairpins of (GCC)s. In order to
distinguish between the slipped and blunt hairpin, imino
proton spectra have been recorded at 5°C for the ana-
logs, (GCC)(GC (Fig. 41-3B) and G(GCC)s (Fig. 41-
3C). If (GCC)s formed a blunt hairpin, the removal of
G15 should show the loss of G1 - C15 pair in the imino
spectrum of (GCC)GC whereas if (GCC)s formed a
slipped hairpin, the removal of G15 should leave the
imino spectrum of (GCC),GC unaltered which is exactly
what we have observed [32]. Again the addition of a 5’
G (ie., GO in G(GCC)s of Fig. 41-3C) should lead to
an increase in the total number of G - C pairs for a
slipped hairpin whereas the same modification for a
blunt hairpin should have no change in the imino spec-
trum. In fact, G{GCC)s shows an increase in the number
of imino protons corresponding to G - C pairs [32].
Hence, the imino spectrum of G(GCC)s is also consis-
tent with a slipped hairpin structure of (GCC)s. Note
that the same base pairing pattern is preserved in the
stems of slipped hairpins formed by (GCC)s and
{GCC)s. However, the number of nucleotides in the loop
is different in the two cases: as shown in Fig. 41-3, four
nucleotides are present in the loop of the slipped
{GCC)s hairpin while three nucleotides are present in
the loop of the slipped (GCC)s.

More direct evidence for a blunt or a slipped (GCC),
hairpin is obtained by monitoring the pairing of the C
at the CpG step in this triplet repeat, i.c., in a blunt
hairpin this C should be G - C-paired whereas in a
slipped hairpin it should be C - C-paired. We have iden-
tified the pairing of the C at CpG site of the (GCO),
hairpin by performing '*N-'"H HSQC (heteronuclear sin-
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FIGURE 41-3  The hairpin structures of (A) (GCC)s. (B) (GCCYGC (C) GIGCC)s, (D)
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data are oniy consistent with the slipped hairpin structures of (GCC)ss,;. Loop-G signals
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site G=T substitutions are also studied. The H-bonding and open-ciosure of the Cs in the
C - G and C - C pairs in stem and the Cs in the loop are studied by specific N4-labeling

of the Cs.

gle quantum coherence) spectroscopy on three oligo-
mers [105]. Two of them are (GCC)s sequences and
both are N4 (amino)-labeled at single sites (one at
C11 and the other at C3). The third is a 7-base-pair-
long duplex, (C1G2C3C4GSC6GT); with *N4-labeling
at C3 and C4. In the duplex, the central 5 (underlined)
base pairs mimic the building block of the stem of a
(GCC), hairpin. Also, in the dupiex C3 is G - C-paired
whereas C4 is C - C-paired and this allows unambiguous
identifications of the '"N4/'H signals of Csinthe G - C
and C - C pairs. The "N-'H HSQC spectrum of (GCC)s
with '*N-labeling at C11 shows a pair of crosspeaks as
expected from a Cin a G - C pair. This is only consistent

with a slipped (GCC); hairpin {and not with a blunt
hairpin). Again, the *N-'H HSQC spectrum of (GCC)s
with *N-labeling at C3 shows a single crosspeak as ex-
pected from a Cin a C - C pair which is only consistent
with a slipped (GCC)s hairpin.

We have also studied the interaction and exchange
properties of the C - C pair in a slipped (GCC)s
hairpin [105]. For this we have incorporated '“N4-
labels at C2 and C11 (both involved in G - C pairs),
at C3 and C12 (both involved in C - C pairs), and
at C6 (in the loop). The loop amino signal of C is
upfield-shifted with respect to the amino signal of C
from the C - C pair. The “N-'H-'H HMQC-NOESY



" CHAPTER 41 Structural Studies on the Unstable Tripiet Repeats

653

experiments reveal NOEs between the amino protons
of C in the C - C pair and the imino protons from
the neighboring G - C pairs in the stem. This proves
that the C - C pair is internally stacked in the stem
of the (GCC)s hairpin. The pH- and temperature-
dependent *N-'H HSQC experiments reveal that the
amino protons of the C - C pair exchanges more
rapidly than those of the G - C pair but slower than
those that belong to the C in the loop. The N-H
HSQC spectrum of (GCC),, in which two consecutive
Cs in the stem are “N4-labeled also confirms that
the Cs at the CpG steps of the stem are C - C-paired
whereas the Cs at the GpC steps are G - C-paired.

Detailed analyses of the NOESY at 25, 50, 75, 100,
125, 200, and 500 ms of mixing and the DQF-COSY
data of the slipped (GCC);s hairpins reveal that all the
nucleotides adopt (C2'-endo, anti) conformation [32).
The presence of continuous sequential interactions in-
volving both exchangeable and nonexchangeable pro-
tons reconfims that the C - C pairs in these hairpins
are internally stacked. The Csin the C - C pairs are not
protonated since in (GCC)sgy; we have observed no
imino signal from protonated Cs within the pH range
6-7 [32). The C - C pairs probably involves a single H
bond between amino (N4) donor and imino or carbonyl
(N3 or O2) acceptor. This leads to two possibilities in
which either of the two Cs can act as a proton donor
Or an acceptor. As previously shown, the C - C pairs in
these hairpins are more susceptible to open-closure than
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the G - C pairs. In addition, weaker intra- and inter-
nucleotide NOESY cross-peaks at the C - C pairs of
the (GCC)s and (GCC)s hairpins indicate the presence
of local flexibility. In 400-ps unrestrained molecular dy-
namics, the C3 - C12 pair in the (GCC)s hairpin can
undergo local periodic sliding motions between the two
degenerate H-bonding states without violating local or
distant NOE constraints. Such a sliding motion makes
Csin the C - C pairs intrinsically more flexible than Cs
in the G + C pairs. As discussed later, the fexibility of
the C - C pair at the CpG step of the (GCC), hairpins
imparts an exceptional substrate s ecificity for the hu-
man methyltransferase.@éures 41-4Ajand 41-4B show
the ensemble-averaged slipped hairpin structures of
(GCC)s and (GCC); as derived from the NMR data,
Gao and co-workers [20] and Mitas and co-workers
(55] proposed an “E-motif” for (CCG),, in which the
Cs at the CpG sites are C - G-paired. Gao and co-
workers have based their prediction on the slipped du-
plex structure of (CCG), whereas Mitas and co-workers
based their prediction on gel electrophoresis, P1 diges-
tion, and chemical modification studies, 5'a(CCG)5a’3’,
where a and a’ are compiementary to each other. We
are concerned that pronounced end-effects significantly
distort the structures in the short (CCG)o(n =20r3)
duplexes studied by Gao and co-workers whereas the
overinterpretation of the experimental data of the
(CCG)ys sequence with sticky (a and a’) flanks mars the
structural conclusions derived by Mitas and co-workers.
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FIGURE 414  Schematic and three-dimensional structures of the C-rich strands of
the fragile X triplet repeats: (GCC)s and (GCC)s The structures are derived using 1D/
2D proton NMR spectroscopy and averaged over 100 sampled structures, Both (GCQC)s

and (GCC), form slipped hairpins with a 3’

overhanging C. Both structures fold so as

to maximize G - C Watson-~Crick base pairs. Single hydrogen bonded C - C mismatches
are present at the Cp( stepsin the stem. All nucleotides are in (C2'-endo, anti) conforma-
tions. (GCC)s has four nucleotides in the loop, whereas (GCC)4 has only three, Analyses
of the 2D NMR COSY and NOESY data lead to about 200 NOEs for each structure;
100 structures compatible with the distance constraints are extracted from the 400-ps
restrained MD trajectory and energy minimized. All the structures belong to the same
cluster with an average Mean Square Deviations (MSD} of 0.6 A? for (GCC)s and

0.7 A2 for (GCC)s
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Therefore, we have studied (GCC)s 4.7 £11 Which all form
stable hairpins under physiological salt concentrations.
In all these hairpins, the Cs at the CpG sites of the stem
are C - C-paired and this rules out the possibility of an
“E-motif” for (CCG),.

C. Structural Characterization of (GGC), by
Gel Electrophoresis

We have carried out gel mobility studies of (GGC),
for n = 5, 6, 7, and 11. For short repeat lengths, i.e.,
(GGC)ssz, two populations have been observed: a ho-
moduplex (the major population) and 2 hairpin (the
minor population). Higher DNA and salt concentra-
tions favor the duplex population. However, for longer
repeat lengths, i.e., (GGC)sy, the hairpin is the predom-
inant population at all DNA and salt concentrations.
Therefore, the gel data [32] unambiguously demonstrate
that the (GGC), strands of the fragile X repeat are
capable of forming hairpin structures when the repeat
number is large (i.e., n > 11).

D. Structural Characterization of (GGC),
by NMR

Although gel electrophoresis indicates the presence
of both hairpin and dupiex structures for (GGC),, only
duplex structures are predominantly present for n =
4-11 under NMR solution conditions (DNA concentra-
tions being two orders of magnitude higher in NMR
experiments)., We have determined high-resolution
structures of (GGC)ys5 by NMR [32] since the duplex
structure adequately models the stem of the hairpin
formed by longer (GGC), sequences. {Fig sche-
matically describes the (GGC), duplex and its analogs
that we have studied to determine the pairing scheme
in the duplex.

A detailed analysis of NMR data reveals that
(GGC)4, (GGC)s, and (GGC)4 all form duplexes with
a 6-base-pair-long structural repeat,

G149 G2M.C3M_ (G4 . G M .CEM -G T
Clem G2 G 3. Chand. G54 G6 .CT

Two symmetric O6—H-N1 H bonds are present in the
G* - G pairing [32, 56]. shows the
ensemble-averaged structure of the [(GGC),); duplex
that is consistent with the NMR data. We used a molecu-
lar modeling approach to construct the hairpin struc-
tures of the G-rich strands. The stem of the hairpin is
constructed on the basis of the NMR data of the duplex
and then the two arms of the stem are connected by an

e e——-
Gacis

wam
A 4(C G G)
L ey 3

§ —
S(GIC}43

B uin

3 e § 7

sl

alV

[

Il
]

e]

Il
c

I

2]

H=H
N=60

cIG
I
GIC

C

H=H

I

[~ ]

AN=EQ
]

3! 57
FiGURE 41-5 The H-bonding schemes in the (A) (GGC),, (B)
(GIC)4, and (C) {(}GC), duplexes. NMR studies on {(GGC)q and its
analogs with G — [ substitutions help us to prove that the G - G
base pairing in (GGC), is through the imino protons.

energetically stable loop segment.(Fiéure 41-TE}shows
the proposed energy-minimized hairpin model of

(GGC)y in which the stem structure is consistent with
the NMR data of [{GGC)}; dupiex.
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FIGURE 41-6  (left) Three-dimensional structure of [(GGC)4]; av-

eraged over 100 structures derived using 1D/2D NMR spectroscopy
and restrained molecular dynamics simulations; 200 distance con-
straints for the restrained MD simulations are estimated from the
mixing-time-dependent NOESY data using full-relaxation matrix
analysis. (B, right) Three.dimensional average structure of (GGC)y
hairpin from the 100 hairpin structures determined by restrained MD
simulations. The distance constraints for the stem used in the molecu-
lar dynamics simulations were the same as those of [((GGC)ajz duplex
and no constraints are imposed on the loop.
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FIGURE 41-7 The nature of CpG sites in (A) (GCC)s s and (B)
(GGC)s4 hairpins. Note that the Cs at the CpG sites in the stem are
C - C-paired in the case of (GCC), hairpins, whereas in the (GGC),
haitpins the same Cs are G - C-paired.

Mitas and co-workers [21] have also suggested a
G™" - G*" pairing for the 5'a(CGG),sa3’ hairpin. How-
ever, Gao and co-workers [19] have concluded that there
is no G * G pairing in the short (CGG), 3 duplexes since
they could not observe any imino signal due to a G -
G pair. Probably the short length and less than optimal
DNA and salt concentrations hinder the formation of
a uniformly paired duplex structure.

E. Structural Differences in the Hairpins
Formed by the (GCC), and (GGC), Strands

NMR and gel electrophoresis data show that the indj-
vidual (GCC), and (GGC), strands of the fragile X
repeat can form hairpin structures under physiological
conditions [13, 32]. The (GCC), strand can form a hair-
pin even for short repeats (n > 5) whereas the (GGO),
strand requires longer repeats (n > 11). Also as shown
in Fig. 41-7, the CpG sites are different in these two
hairpins. In the (GCC), hairpins the Cs at the CpG sites
in the stem are C - C-paired whereas in the (GGO),
hairpins the same Cs are G - C-paired. This difference
in the local CpG structures in these two hairpins affects
their substrate efficiencies for the human methyltrans-
ferase because in the catalytic process, the most efficient
configuration of the target CpG has been postulated to
be the one that involves the Cina C - C pair and the
G in a G - C pair [57-59]. As shown in Fig. 41-7, the
(GCC), hairpins have exactly the same CpG configura-
tion that is preferred by the human methyltransferase
whereas the (GGC), hairpins have both C and G of the
CpG site in G - C pairs. We have carried out a methyla-
tion assay [14] with the human methyitransferase on
(GCC), and (GGCQ), hairpins and the corresponding
Watson-Crick duplex, (GCC), - (GGC), for n = 5, 6,

7,10, 11, 15, 18, and 21. Our results show that for a
given repeat length the substrate efficiency of the
(GCQ), hairpin is about 5 times higher than the Wat-
son-Crick duplex, (GCC), - (GGC),. The substrate ef-
ficiency of the (GGC), hairpin is even lower than the
Watson-Crick duplex, (GCQ), - (GGQ),. It is to be
noted that the catalytic domains of methyltransferases
are conserved through evolution from bacteria to hu-
mans [60]. Also, it has been shown by X-ray crystatlogra-
phy that in the activated (substrate—bacteria] methyl-
transferase ) complex, the C of CpGisin a “flipped out”
conformation [61, 62]. Since they are C - C-paired, the
Cs of CpG in the (GCC), hairpin will flip cut more
easily than the same Cs that are G - C-paired in either
the Watson—Crick duplex, (GCC), - (GGQ),, or the
(GGC), hairpin which would account for the higher
substrate efficiency of the (GCC), hairpin than either
the Watson-Crick duplex, (GCC), - (GGQ),, or the
(GGC), hairpin.

F. Evidence for Hairpin-Induced Slippage
Structures of the Fragile X Repeat:
An in Vitro Replication Assay

We have performed in vitro replication of M13 single-
stranded DNA templates by Tag polymerase assays for
the intrinsic preference of hairpin formation by the
(GCC), or (GGC), strands in presence of its comple-
mentary Watson-~Crick partner.outlines
the experimental design (for details, see [63]). Triplet
repeats, (GCC), or (GGC), [n = 8 or 21), are inserted
into the single-stranded M13 phage vectors [M13mp18
or M13mp19]. The replication (or primer extension in
our case) is carried out by a 17-nucteotide-long primer
that attaches to the template 40 nucleotides away from
the insert. The replication is stopped by using dideoxy
terminators. The replication product is sequenced on
an Applied Biosystem Auto-Sequencer. If the insert in
the DNA template forms a hairpin, the chain elongation
during replication should either continue past the base
of the hairpin or stop at the beginning of the hairpin;
either resuit, as shown in Fig. 41-8, will result in a shorter
replication product depending upon the size of the hair-
pin in the insert sequence. If the replication arrests at
the insert then the replication product will contain only
the initial flanking sequence and part of the insert, If
the replication skips the hairpin then the replication
product will contain both flanking sequence and a short-
ened insert sequence. In the absence of a hairpin in the
insert, the replication product should correspond to the
entire length of the DNA template including the
(GCC), or (GGC), insert and the flanking sequences.
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Expariment

M13 single-stranded DNA Template
Insar, | ={GCC)n or (GCC)n [n=8 or21]

L) BamHi ' 8amHi 3
a a p p
3 BamHi o BamHi 5
-
M13 (-40)
Primer
Explanation
5 Templata 3

3 Growing chain <*—————-§'

Floure 41-8  An in viro replication assay using M13 single-
stranded DNA with (CCG)a or (CGG), inserts: the experimental
protocol and the explanations of the replication bypass due to hairpin
formation in the insert. In the discussion of these results, (GCC),
or (CCG), [(CGG), or (GGC),] are used interchangesbly. For the
(GCC)q, a finite portion of the insert escapes replication at 45, 60,
and 72°C since the skipped portion forms a hairpin, The length of
the hairpin decreasas upon increasing the reaction temperature. When

{GCC)q 0r (GGC)yy are used as inserts, there is no hairpin formation
at 45, 60, and 72°C.

In all cases, the majority of the replication products
belong to one size category. A complete replication
product [i.e., (GGC)s and the two flanking sequences)
is obtained for the (GCC)s insert in the template for a
reaction temperature of 60°C which melts the {GCC),
hairpin. For (GCC),y, a finite length of the (GCC)y
insert is always bypassed within a temperature range of
45-72°C and the length of the bypass increases with
decreasing temperature. However, at a reaction temper-
ature of 85°C, the entire length of the (GCC)y, insert is
replicated. This observation is explained by the forma-
tion of a hairpin structure in the (GCC)y insert in the
template. Note that the ends of the hairpin stem can
still be replicated because they fray into unpaired single
strands. The extent of end-fraying increases with in-
creasing temperature and as a resuit, the length of the
central (GCC),; insert bypassed by Taq polymerase de-
creases with increasing temperature. In this assay, unless
the replication traverses the full length of the insert,
(GCC),, complete Watson—-Crick complementarity be-
tween the insert and the replicated DNA is not achieved,
During replication, this strand asymmetry (i.e., lack of
perfect complementarity) facilitates hairpin-folding of
the (GCC), insert. This hairpin may be bypassed if the

rate of replication is much faster than the rate of decay
of the (GCC), hairpin. Therefore, within the range of
reaction temperature, 45-72°C, if a residual (GCC),
hairpin is long enough to be stable, then it may escape
replication. This kind of bypassing of a hairpin during
replication is analogous to the deletion of a hairpin
formed by extrachromosomal palindromic sequences
observed during the replication of yeast DNA.

A very different result is obtained when the comple-
mentary triplet repeats, (GGC)y 2, are inserted into the
M13 single-stranded DNA template. Replication by-
passes are not observed for either (GGC)y or (GGC)y
within 45-85°C. This is consistent with our earlier obser-
vation [13] that the (GGC), strand has a lower propen-
sity for hairpin formation than its complementary part-
ner, (GCC),. Fry and Loeb [12] observed a slowly
migrating species in the native gel of the individual
{GGC)4 strand. This species, which constituted less than
40% of the total population, was assumed to be a G-
quartet structure aithough from our NMR and gel mo-
bility data we have found no evidence of such a structure
{13, 32]. In general, 2 G-quartet structure in the M13
template blocks replication; for example, the formation
of multiply folded G-quartet structure by the insulin-
linked polymorphic region (ILPR), (ACAG.,TGTG.),,
leads to replication arrest at the beginning of the insert
and this replication arrest is not normally released even
in the presence of replication accessory proteins (Esche-
richia coli, SSB/human RP-A, helicase, etc.—see [93)).
However, in the case of a (GGC),, insert in the M13
template a complete replication product, including the
insert and the flanking sequences, is observed. This rules
out the formation of G-quartet structure during replica-
tion. It may be pointed out that hairpin or G-quartet
structure of the (GGC), strand may be detected in the
replication assay for longer lengths (n) or in the presence
of KCl

The individual (GCC), strand can form a hairpin
structure even for n = 5. However, in the presence of
its compiementary strand, (GCC), requires a sufficiently
long n (21 in our case) for the formation of a hairpin.
Similarly, the individual (GGC), strand forms a hairpin
structure for n > 11. However, in the presence of its
complementary strand, the (GCC), strand does not
form a hairpin even for n = 21. Both the (GCC), and
(GGC), strands require even longer » for hairpin forma-
tion when replication protein A (RP-A), helicase, etc.,
are also present during replication [64]. Replication ac-
cessory proteins tend to unwind self-assembled single-
stranded structures in a partially sequence-specific man-
ner [65]. Nonetheless, since single-stranded regions are
created during replication there is always a finite proba-
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bility of hairpin formation by the (GCC), or the (GGC), CpQG sites in the Watson-Crick duplex to be converted
strand of the FraX repeats. into the C - C-paired CpG sites in the stem of the
hairpin. Therefore, in a mobile three-way junction a
larger number of C - C-paired CpG sites will be

G. Extremely High Methylation Efficiencies recruited for methylation than for a fixed hairpin

S . . formed by an excess of the (GCC), strand. To test
of the Hairpin-Induced Sllppage Structures: this hypothesis {63], we have constructed completely

A Methylation Assay mobile (Fig. 41-9A), partially mobile (Fig. 41-9B),

o ) and immobile three-way junctions (Fig. 41-9C). In the

Our in vitro replication assay shows that the slippage completely mobile three-way junctions (Fig. 41-9A),
structures are essentially three-way junctions in which the (GGC) strands of shorter lengths are annealed
the (GCC), hairpin has the potential to slip and slide with the (GCC) strands of fonger lengths: for example,
on the two Watson-Crick duplex arms m (GGC)yy + (GCC)ys, (GGC)yy - (GCC)s, (GGQ)y -
Such a process may be facilitated by substrate—enzyme (GCC),1, and {(GGCls - (GCC)yy. In the partially
interactions at 37°C. In these three-way junctions, the mobile three-way junctions the free
potential for multiple locations of the (GCC), hairpin  ends of the Watson—Crick duplex are covalently closed
on the Watson-Crick duplex allows the G - C-paired by two T, loops; therefore, in these single-stranded
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FIGURE 41-9  Three types of three-way junctions: (A) compietely mobile, (B) Partially mobile, and (C) immabile. (A) Completely
mobile three-way junctions are formed by annealing GCC and GGC strands of unequal lengths (e.g., (GGC)yy - (GCC)ys. (GGCY
- (GCChis, (GGClyy -+ (GCClyy, and {GGCis - (GCC)z). Three-way junctions are created by the hairpin formation invelving the
excess of the longer GCC strands. The loop in the hairpin has sither three or four nucleotides depending upon whether the longer
GCC strand has odd (e.g., (GGC)yp - (GCC)ys, upper panel} or even (e.g., (GGC)y - {GCChya. lower panel) number of repeats in
excess, Note that the Cs at the CpG sites of the hairpin are C - C-paired (and not G - C-paired); this makes the hairpin a better
substrate for methylation than the Watson-Crick duplex. Both slipping and sliding of the (GCC), hairpin are possibie in alt of these
three-way junctions leading to the conversions of low-atfinity Watson-Crick Cp(G sites of methylation into high-atfinity hairpin CpG
sites of methylation. In addition, after methylation when the hairpin slides it may return a methylated

*CpG
GpC

to the Watson-Crick duplex which creates a hemimethytated (and high-affinity) CpG site. Sliding (and slipping) of the hairpin double
methylation will cause a more efficient double methyiation site,

*CpG
GpC*

*C is the § methyl cytosine. Note that the presence of the TCC interruption in the loop of the (GCC), hairpin will restrict sliding
while the TCC interruption in the stem of the (GCC), hairpin will destabilize the thres-way junction. {B) Two partially mobiie
three-way junctions: 53- and 50-mer. The ends of the Watson—Crick regions are connected by two T, loops which essentially prevent
stipping of the hairpin. (C) An analog of the 50-mer in (B) in which the (CGCC) loop is replaced by a T, loop; this prevents slipping
and shding.
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Eftect of axpansion and methylation of the fragile X repeat
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FiGure 41-10 A schematic representation of the FMR1 gene. The location of the fragile
X repeat, (GCC), - (GGC)y, is shown in the 5' untranslated region although the exact location
and the interrelationship of the promoter and the enhancer are not yet known. The ranges of
repeat numbers, i, are shown for normal, transmitting, and affected males. Therefore, from
normal to affected males, the control region undergoes a transition from low-density CpG to
high-density CpG island due to the massive expansion and the subsequent methylation of the
fragile X repeat. The high-density methylated CpG sites attract strong methyl binding proteins
that cannot be dissociated by transcription activator proteins or RNA polymerase and this leads
to the suppression of the FMR1 gene. (Inset) A sketch of how the presence of the transient and
mobile three-way junction can cause both expansion and methyiation. The intrinsic preference of
hairpin formation by the GCC strand leads to a three-way junction with a Watson-Crick anchor.
When the GGC strand acts as the template, such a three-way junction leads to expansion if the

GCC hairpin escapes repair. As shown later, these three-way junctions are aiso exceilent sub-
strates for CpG methylation by the human methyltransferase,

three-way junctions the (GCC), hairpin can only siide
{and not slip). The partially mobile three-way junctions
(Fig. 41-9B) are expected to be less efficient in recruit-
ing new CpG sites in the hairpin conformation than
the completely mobile three-way junctions (Fig. 41-
9A). In the immobile three-way junctions (Fig. 41-
9C) the loop segment of the (GCC), hairpin is replaced
by a T, loop in addition to closure of the free ends
of the Watson-Crick duplex by two T, loops. The
structures of the DNA substrates for methylation have
been characterized by combining nondenaturing gel
electrophoresis, digestion studies using single-strand-
specific P1 nuclease, and NMR studies of the exchange-
able imino protons {14]. The possibility of the three-

way junctions for (GGClg - {(GCC)ss has also been
independently established by Kallenbach and co-
workers [66] by nondenaturing gel electrophoresis and
digestion by ExoVII (an enzyme that cleaves single-
strand tails at the end of the duplexes). Due to the
lack of a single-stranded tail (see Fig. 41-8A), the
three-way junction of (GGC)yp - (GCC)ys was found
to be resistant to digestion by ExoVIL

The rate of methylation by the human methyltrans-
ferase is obtained by measuring the tritium count on
cytosines transferred from the tritiated cofactor, Ado-
Mer [57-59].lists the rates of methylation
for different three-way junctions; two (GCC), hairpins
and a Watson-Crick duplex are included as controls.
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TasiLe 41-1 Rates of Methylation by the
Human Methyltransferase

Rate Number of Relative

Substrates (fmokmin) CpGisubstrate  rate*

Three-way junctions
Immobile (Fig. 41-9C)

50-mer with three T, 4.0 9 1.0
foops
Partially mobile (Fig.

41-98) ‘
50-mer with two T, loops 76.6 11 192
53-mer with two T, loops 924 12 231

Completely mobile {Fig.
41-9A)
{GGC)](; ‘ (GCC)|5 76.3 23 254
(GGC)yy - {GCCyg 1925 26 48.1
(GGC)yy - (GCC)yy J64.9 29 91.2
(GGC)s - (GCC)y 298.5 34 4.6
. . Controls
Watson-Crick duplex
(GGChs - (GCChis 296 28 14
Hairpins
(GCC)yy 302 9 7.6
({GCCy 159.7 20 399

“Scaled with respect to the rate for the 50-mer with four T, loops.

The rates are scaled for the enzyme to DNA ratio. The
effective rate of methylation is determined by the initial
substrate—enzyme recognition, the kinetics of the transi-
tion to the activated state, and the subsequent reiease
of the product. For the initial recognition, the methyl-
transferase requires the target CpG site and additional
flanking base pairs [60}. The actual size and the sequence
of the recognition element distinguish one methyltrans-
ferase from another although the catalytic mechanism
involving the “flipped-out C" remains the same for all
the enzymes [62). Hence, once the Watson-Crick du-
plex or the hairpin is above a critical size and has the
correct recognition element, the kinetics of transition
to the activated state essentially determines the rate of
methylation. In the completely mobile three-way junc-
tions, the effective rate of methylation is governed by
the following factors: (i) the number of the CpG sites
in the Watson-Crick duplex, (i) the number of CpG
sites in the hairpin, and (iii) the rate of interconversion
of the Watson—Crick CpG sites to the hairpin CpG sites
due to the slipping and sliding of the (GCC), hairpin.
The third factor creates a greater number of high-affinity
hairpin CpG methylation sites in the mobile three-way
junctions than in a hairpin of fixed length. In addition,
after methylation, if the (GCC), hairpin slips or slides,
it generates hemimethylated CpG sites in the flanking
Watson-Crick duplexes which are again better sub-

strates for methylation than the unmethylated CpG sites
[58, 59). Therefore, due to the presence of high-affinity
hairpin CpG sites and hemimethylated Watson-Crick
CpG sites, the completely mobile three-way junctions
are expected to be much better methylation substrates
than either the single (GCC), hairpin or the Watson—
Crick (GCC), - (GGC), dupiex.

The importance of the mability of the (GCC), hairpin
in the three-way junctions becomes evident from com-
parisons of the rates of methylation for the partially
immobile three-way junctions with two T, loops (see
Fig. 41-9B) with the rate of methylation for the com-
pletely immobile junction (see Fig. 41-9C). Although
these two types of substrates have an aimost equal num-
ber of CpGsites, the partially mobile three-way junction
is 20 times more efficient than the immobile three-way
junction (Table 41-1). This difference is attributed to
the fact that the (GCC), hairpin is able to slide in the
partially mobile three-way junctions (see Fig. 41-9B)
whereas it is completely locked in the immoabile three-
way junction (see Fig. 41-9C). Also, note that the three-
way junctions with the highest probability of slipping
and sliding, namety, (GGC)y - (GCC)y and (GGC)ys -
{GCC)y, also have the highest rates of methylation.

The three-way junction, (GGC)4 - (GCC),y, is about
14 times more efficient as a substrate than the Watson~
Crick (GCC)ys - (GGC)ys duplex although these two
substrates have almost the same number of CpG sites.
The observed difference in methylation in these two
substrates results from the differences in their structure
and dynamics. The rate of methylation for (GGC),, -
(GCC)x is over twice that of the single (GCC),,. This
observation argues against the possibility of a reaction
mechanism iz which (GGC)yy « (GCC),, dissociates into
single (GCC)y and (GGC)yp hairpins. If this were true,
the rate of methylation for (GGC),y - (GCC)y, should
equal the rate of methylation for the single (GCC)
hairpin because, as previously mentioned, the (GGC)y,
hairpin does not get methylated by the human methyl-
transferase {13]. Therefore, the presence and mobility
of the (GCC), hairpin make the three-way junctions
(see Fig. 41-9A) better substrates for methylation by the
human methyltransferase than either the single (GCC),
hairpin or the Watson—Crick (GCC), ' (GGC), duplex.

H. A Mechanism of Suppression of the
FMRI1 Gene in Fragile X Syndrome

Figure 41-10 describes a molecular mechanism in for
the expansion and hypermethylation of the fragile X
triplet repeats based upon our high-resolution NMR, in
vitro replication, and methylation data. The intrinsic
preference of hairpin formation by the GCCstrand initi-
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ates mobile three-way junctions during replication that
provide a molecular basis for the repeat expansion and
hypermethylation of the CpG island inside the fragile
X repeat. The resulting high density of methylated CpG
islands provides binding sites for methyl-CpG-binding
proteins [67-71] leading to the suppression of the
FMRI1 gene.

Since TCC/GGA interruptions confer stability to the
FraX repeat [54], we have performed 1D NMR studies
to examine the effect of the TCC interruptions inside
the stem and the loop of the (GCC), hairpins. The imino
protons of the (GCC), hairpins with and without TCC
interruptions show different temperature-dependence
profiles, thereby also suggesting {qualitatively) differ-
ences in their stabilities. The imino protons of the
(GCC)s hairpin disappears at 40°C. The imino protons
of the (GCC);s hairpin with a TCC interruption in the
stem disappear at 20°C whereas the imino protons of
thé (GCC)s hairpin with a TCC interruption in the loop
disappear at 35°C. It appears that the TCC interruption
in the stem causing two consecutive mismatches signifi-
cantly destabilizes the (GCC), hairpin [63]. Hence, such
an interruption should weaken the possibility of slippage
during replication and allow stable transmission of the
fragile X repeats over generations. On the other hand,
the TCC interruption in the loop causes a marginal
difference in the stability of the (GCC), hairpin [63].
However, such an interruption involving a CTCC loop
(like the T.loop) will restrict the mobility of the (GCC),
hairpin in the three-way junction (see Figs. 41-9B and
41-9C). Even if formed during replication, the immobile
three-way junction with a TCC loop will be efficiently
repaired. In addition, as shown in Table 41-1, an immo-
bile three-way junction is a poor substrate for methyla-
tion, Therefore, our studies help us visualize how the
TCC/GGA interruptions protect against the expansion
and hypermethylation of the fragile X repeat.

{II. MYOTONIC DYSTROPHY (DM)
TRIPLET REPEATS, (CTG),: ROLE OF
THE HAIRPIN STRUCTURES IN
EXPANSION AND ABNORMAL
EXPRESSION OF THE DMPK GENE

Myotonic dystrophy (DM) is an autosomal dominant
disorder characterized primarily by myotonia and pro-
gressive weakness and is the most common adult-onset
muscular dystrophy {1, 2, 4]. The rare congenital form of
DM is associated with profound hypotonia and mental
retardation. The gene that causes myotonic dystrophy
(DMPK-myotonic dystrophy protein kinase) has re-
cently been identified [72, 73]. The DMPK gene also
contains regions of strong homology to cAMP-

dependent protein kinase. The 3’ untranslated region
of the gene contains CTG triplet repeats (Fig. 41-1B).
The length of this triplet repeat sequence is highly poly-
morphic with the number of copies varying from 5 to
37 in normal individuals. The carriers and affected indi-
viduals have more than 39 copies and in some cases it
expands beyond 2000 copies. The degree of expansion
correlates with the severity of the disease and in a few
cases reverse mutations have been observed resulting
in the reduction in the number of CTG triplet sequence
to the normal population range with the concomitant
disappearance of the DM symptoms. This suggests that
DM is primarily caused by expansions of the CTG re-
peat at the 3'UTR of the DMPK gene.

Structural studies by gel electrophoresis and high-
resolution NMR are discussed in this section (for details,
see [33]). It is shown that the (CTG), repeats form
stable hairpin structures under physiological salt con-
centrations even for short repeat lengths (i.e.,.n = 5or
6). High-resolution NMR spectroscopy allows detailed
analyses of the structures and dynamics of these DNA
hairpins. Our preliminary data also suggest that similar
hairpins are also possible at the RNA level. The pres-
ence of hairpins in the 3'UTR of the DMPK mRNA
may be of biological significance for various reasons.
For example, it has been shown in E. cofi that putative
hairpin sequences in the 3'UTR of a gene can mediate
efficient termination of mRNA transcription [74]. Simi-
larly, it has also been shown that hairpin forming se-
quences, which are evolutionarily conserved (from Xen-
opus to humans), are present in the 3'UTR of the
histone genes and these sequences are invoived in
mRNA processing and/or in mRNA transport from the
nucleus to the cytoplasm [75]. The transport of the
DMPK mRNA is particularly relevant for DM since in
normal phenotypes the mRNA is efficiently transported
from the nucleus whereas in disease phenotypes the
mRNA remains bound to the nuclear matrix proteins
{76]. Therefore, it is important to understand the struc-
tural difference between the 3'UTR (CUG), repeats in
the mRNA of normal phenotypes and those (expanded)
repeats in disease phenotypes.

A. Structural Characterization of (CTG), by
Gel Electrophoresis

shows the possible structural forms of
(CTG)ss and their anaiogs. Note that (CTG)ss can

adopt either a monomeric hairpin or a mismatched du-
plex. The nondenaturing gel electrophoretic mobility
data of (CTG)s, distinguish these two possibilities.
(CTG)s4 migrate faster than the 10-base-pair duplex.
This suggests the presence of unimolecular hairpins. The
(CTG); hairpin is expected to migrate like a 7/8-base-
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FIGURE 41-11 Secondary structures formed by various (CTG), analogs. Hairpins: (A) (CTG)s, (B) (CTG)s, (D)
(CTGHCCG(CTGY, and (CTG),CAG(CTG),, and (F} CGCTAGCTTGCG. Homeduplexes: (C) (CTG)s, (E) (CTG),.
CAG(CTG),, and (G) CGCTAGCTTGCG. The oligomer in (G) has been shown to form two T - T pairs with two H
bonds. A comparative NMR study on (CTG)ss also shows the presence of T - T pairs with two H bonds. The Ty — C,
substitution in (CTG)s does not alter the hairpin structure whereas the Ty ~ Ag induces a hairpin-to-duplex equilibrium,

pair-long duplex whereas the (CTG); hairpin should
migrate like a 9/10-base-pair-long duplex. Also, similar
gel patterns are observed under two different (i.e., 5
and 200 mM) NaCl concentrations. In addition, hairpins
still remain the predominant conformation even when
the DNA concentrations of (CTG)s, are raised from
(.25 to 25 mM [33].

B. Structural Characterization of (CTG),
by NMR

Analyses of the NOESY and DQF-COSY data also
reveal that all the constituent nucleotides in (CTG)s,
hairpins adopt (C2'-endo, anti) conformations with two
H-bonded T - T pairs in the stem {33, 77]. Observation of
a few (but key) interproton distance constraints defining
intraloop and loop-stem interactions in the (CTG)s
hairpin allows us to distinguish among four different
(CTG) loop conformations: (i) three bases in the 3’ side
of the stem, (ii) one base in the 5’ with two bases in
the 3’ side of the stem, (iii) two bases in the 5’ with one

base in the 3’ side, and (iv) three bases in the 5 side of
the stem; 200-ps-restrained MD simulations have been
done separately using each model as a starting configu-
ration. The structures derived from these four models
show difference only in the single-stranded loop seg-
ments of the hairpins. In model (i), all the three bases
in the loop are stacked with the 3 side of the stem. In
model (ii), T8 and G9 are stacked with each other on
the 3' side while C7 is stacked on the 5' side of the
stem. Model (iii) has G9 stacked with the 3’ side of the
stem while C7 and T8 are stacked in the 5’ side of the
stem. In model (iv), C7, TR, and G9 are ali stacked with
the 5’ side of the stem although G9 is partially fipped
out of the stacked array. Model (i) shows better agree-
ment with the distance constraints in the loop. IFi'Eure
41-12A)shows the lowest energy structure of {(CTG);
belonging to the family of models (i).

Figure 41-12B shows the lowest energy structure for
(CTG)s that best satisfies the NMR constraints. In this
structure, the four nucleotides in the (TGCT) loop are
divided equally on each side of the stem (i.e., two nucle-
otides on each side). This results in a T - T pair in
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FIGURE 41-12  Three-dimensional average structures of {(CTG)s and (CTG)s. The struc-
tures are derived using 1D/2D proton NMR spectroscopy. Both {CTG)s and {CTG), form
blunt hairpins. Both structures fold so as to maximize G-C Watson-Crick base pairs, Two
hydrogen bonded T - T mismatches are present in the stem. All nucleotides are in (C2'-endo,
anti) conformations. (CTG)s has three nucleotides in the loop, whereas (CTG)s has four.
Analyses of 2D NMR COSY and NOESY data lead to 200 NOEs for each structure, NOEs

. were converted into distances using fuil-relaxation matrix analysis; 100 structures compatible
with the distance constraints were generated. All the structures belong to the same cluster
with an average MSD lower than 1.0 A? for cach structure.

the loop although we do not have any experimental
evidence in favor of such a pairing. It is possible that
the T : T pair in the loop of (CTG), opens and closes
so fast on the NMR time scale that the imino signal is
not observed.

For (CTG),, we have chosen n = 5 and 6 for our
NMR studies since at these repeat lengths a hairpin is
the only conformation under physiological salt concen-
trations [33]. Gao and co-workers [19] have studied the
short (CTG);5 duplexes, probably to more accurately
determine the structures of the stem of a (CTG), hair-
pin. However, they have not been abie to determine
whether the T - T pairs in the duplex are singly or doubly
H-bonded. We have combined pH and temperature
studies on various (CTG), sequences to show that the
T - T pairs are doubly H-bonded [33]. Mitas and co-
workers [15] have performed gel electrophoresis,
P1 digestion, and chemical modification studies on
3'a(CTG)sa’3". It is not surprising that the modified
(CTG)s sequence tends to form a hairpin structure
since the flanking a and a’ impose a constraint for hairpin
folding. Although their system of choice has been bi-
ased, Mitas and co-workers have reached qualitatively
the right conclusion regarding the (CTG), sequences.
However, they have managed to overinterpret their data
to arrive at several wrong conclusions about the finer
details of the (CTG), hairpins. They have suggested
that the T - T pairs are singly H-bonded. They have
also proposed an inaccurate loop structure of the
(CTG), hairpins.

C. Site-Specific Dynamics of the
(CTG), Hairpins

We have calculated the order parameters [33, 78-80]
for different interproton vectors in the (CTG)s 4 hairpins
by MD simulations hairpins with only hydrogen bonding
constraints {and with no NOE constraints). The calcu-
lated values are compared with those estimated from
the experimental cross-relaxation constants. Theoretical
and experimental values of the order parameters, 52,
and the apparent correlation times, £,, are computed for
interproton vectors with fixed distances such as H6-HS
in cytosines and H2'-H2" in sugars. NOE intensities
for these two vectors only reflect the dynamics of the
corresponding cyotosines and sugars in the (CTG)sg
hairpins. On a scale of 1 to 0, 5% = 1 implies extreme
rigidity and 5* = ( implies extreme flexibility. Similarly
a small value of t, implies extreme flexibility whereas a
high vaiue of ¢, implies extreme rigidity. The cytosines
in the loop, i.e., C7 in (CTG)s and C10 in (CTG)s, are
most flexible. In the (CTG)sg hairpins, the Cs in the
interior of the stems are least flexible. However, the Cs
at the two termini of the stem are moderateiy flexible.

Analyses of 5? and ¢, of various intrasugar H2'-H2"
dipolar interactions indicate that in (CTG)s, G3 and
G12 (both in the stem) are the least flexible{(Table 42-
"Z})Theoretical calculations reveal that within the loop
of the (CTG)s hairpin, C7 and T8 are less flexible than
G9. Sugars corresponding to mismatches in the (CTG);
hairpin are also more flexible than those from Watson—
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Tame 412D

Interaction Base position o(s™hy Tupn (NS}
H5-H6 (CTG)s
c7 0.48 2.1
Cl/C10 0.53 22
C4/C13 0.61 2.5
(CTG)s
Cl 0.66 2.7
clo®
H2'-H2" (CTG)s
T8 0.86 I.0
TS/T11/T14 (.58 0.9
{CTG)s
G9G18 0.34 0.8
Cl/C16 0.86 1.0
C4iC? 0.80 1.0
T2T1 0.80 1.0
ClvT8 0.98 1.1
TST14/T17 0.46 0.9

»

Note. The methodoiogy of the estimation of o and + from the
NOESY data at 0-125 ms of mixing is described in Refs. [33] and
[78-80]).

“10% error in the estimated os.

"NOE, not observed up to 125 ms of mixing.

Crick pairs. Similar features are also observed for
(CTG)s.

D. Possible Role of the (CUG), Hairpins in
the Processing/Transport of the
DMPK mRNA

The intrinsic propensity of hairpin formation by the
(CTG), sequence may also manifest itself at the level of
mRNA. The formation of RNA hairpins by the (CUG),
sequences on the 3’ untranslated side of the DMPK
gene may either halt the transcription machinery or
provide a specific target for protein binding in the post-
transcriptional mRNA processing and/or mRNA trans-
port. It has been reported [81] that the levels of precur-
sor mMRNASs from the normal and DM alleles show no
difference. However, the posttranscriptional processing
of the normal and DM alleles are quite different in
that the mRNA maturation is severely impaired when
(CUG), triplets are expanded in disease phenotypes.
As stated earlier, it has also been demonstrated that
the precursor mRNA remains bound to the nuclear
matrix in DM phenotypes {76]. These data agree with
our hypothesis that a few (CUG), hairpins enable the
formation of specific RNA-protein complexes required
for efficient termination of transcription and for post-

transcriptional mRNA processing or transport. This
specificity is impaired when the (CUG), triplets are
expanded or the formation of multiple hairpins in ex-
panded repeats allows several single-stranded loops in
different hairpins to bind to the nuclear matrix proteins
which are specific for single-ctranded regions.

IV. HUNTINGTON’S DISEASE (HD)
REPEAT, (CAG),: UNUSUAL HAIRPIN
STRUCTURES AND THEIR ROLE
IN EXPANSION

Huntington’s disease (HD) is an autosomal dominant
syndrome linked to chromosome 4p [82, 83]. Movement
disorder, emotional disorder, and dementia are the com-
mon symptoms in HD. Recently, the gene responsible
for HD has been identified from chromosome 4p, which
is referred to as IT1S (Interesting Transcript 15). The
HD gene contains a CAG triplet repeat sequence inside
the first exon (Fig. 41-1C). Normal individuals have
between 11 and 34 copies with a median of 19, whereas
affected individuals have 37 and 86 copies with a median
of 45. Patients with longer repeats have an earlier age
of onset with a high correlation between the length of
the repeat and the age of onset. The onset pattern of
the disease suggests a possible role of expansion of the
CAG repeat in Huntington's disease.

In this section, we describe the hairpin and homodu-
plex structures formed by the (CAG), repeats (for de-
tails, see [46]). For shorter repeat numbers (ie,n =5
or 6) the (CAG), repeats form homoduplex structures
whereas for longer repeats (i.e., n= 10 or 11) they form
doubly folded hairpins, i.e., hairpins with two single-
stranded loops. Single H-bonded A - A pairs are present
in the homoduplexes and in the hairpins. We have also
performed an in vitro replication assay to show the pres-
ence of a hairpin for (CAG)y in the template.

A. Hairpin and Homoduplex Structures of
(CAG)s and (CAG),

1. GEL ELECTROPHORESIS

Figure 41-13)shows the schematic representations of

hairpin and mismatched duplex structures of (CAG)s
and (CAG)s. Previously, we have shown for (GCC)sy
and (CTG)s 4 that aithough the hairpin folding is differ-
ent for odd (ie., n = 5) and even (ie, n = 6) repeat
numbers the base-pairing scheme of the stem remains
the same. In Fig. 41-13, the (CAG)ss hairpins are as-
sumed to have similar folding patterns for odd and even
repeat numbers. The gel mobility of (CAG)s and
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Figurg 41-13  (A) {(CAG)k duplex, (B) (CAG)s haitpin, (C) (CAG)s hairpin, and (D)

7 base pair duplex, [(CGCAGCG)];. The nucleotides are numbered from 5 to 3' direction.
The 5-base-pair consensus structural motif is indicated by boxes in all the structures except for

{CAG)s hairpin. Note that the hairpins with

whereas hairpins with even number of copies

odd number of copies have three nucleotides,
have four nucleotides in the loop. The T-base-

pair duplex is chosen in order to characterize the detailed conformation of all the five nucleotides
in the S-base-pair structural motif. The terminal 5’ and 3° G - C pairs are added to arrest the

end-fraying of the S.base-pair structural motif,

(CAG)s at neutral pH under different NaCl concentra-
tions (20, 150, and 500 mM) show that (CAG)s forms
both hairpin and homoduplex structures as major and
minor species, respectively, whereas (CAG)s forms ex-
clusively a hairpin structure. It appears that within the
range of 20-500 mM NaCl concentrations, the (CAG)s
hairpin is thermodynamicaily more favorable than the
(CAG);s hairpin. The gel mobility data at three different
DNA concentrations (5, 10, and 20 mM) for (CAG)s
and (CAG)s also reveal that they exist predominantly
in the hairpin form at 5 mM DNA and increasing the
DNA concentration increases the relative population
of the homoduplex.

2. HiGH-RESOLUTION STRUCTURE OF
[{CGCAGCG)); anD ITs ReLEVANCE TO [(CAG)sh

Within the range of DNA concentrations required
for NMR experiments, we are unable to trap exclusively
the hairpin conformation of (CAG)s. Hence, our struc-
tural studies are restricted to the self-assembled
[(CAG)s]; duplex, which also adequately models the

stem of the (CAG)s hairpin (Fig. 41-13). We have also
carried out structural studies on the 7-base-pair duplex,
(CGCAGCG)2 which shares a common [(GCAGC)];
motif with the [(CAG)sl, duplex or the stem of the
hairpin. This enabled us to determine the exact sterec-
chemistry of each aucleotide in the common motif and
the exact nature of the A - A pairing.

Measurements of thermodynamic stabilities of vari-
ous pur - pur/pyr - pyr/pyr - pur mispairs in a model
duplex suggest that the A - Abase pairis thermodynami-
cally the least stable of all mispairs [86]. However, recent
' NMR and UV-melting studies indicate that A - A
base pairs can be incorporated into a DNA duplex with-
out globally distorting the structure and a without a
drastic reduction in the stability [871. Therefore, it is
of interest to determine the nature of the pairing and
stacking of the adenines in the [(CAG)s]z duplex. For
this, we have carried out heteronuclear (*N-"H) NMR
experiments on the [(CA*G)sh duplex where A*s rép-
resent SN6-labeled adenines. These experimenis on
measurements on the [(CA*G)s]; duplex and the
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NOESY experiments on the [{CGCAGCG)], duplex
reveal single H-bonded A - A base pairing in both
the duplexes.

A detailed analyses of NOESY data at 25, 50, 75,
100, 125, 200, and 500 ms of mixing show that the A -
A mismatch in the middle of the (CGCAGCG)]; duplex
distupts neither the local B-DNA geometry nor the
overall structure, (Fig 4A)shows the average of
the 100 energy-minimized structures [{(CGCAGCG)),.
Gervais et al. [87) also made similar observations for an
11-base-pair duplex related to the K-ras gene. Note also
that the distance between the hydrogen-bonded amino
proton of one adenine and the H2 of the other is close

in space (~2.7 A), consistent with the abservation of
an NOE for N6H,-H2 dipolar interaction.

Because of resonance overlap and low signai-to-
noise-ratio, we have not been abie to derjve many inde-
pendent distance constraints to determine the hairpin
and duplex structures of (CAG)s. Hence they have been
modeled by using the same distance constraints deter-
mined for [(CGCAGCG)),. The duplex and the stem
of the hairpin are divided into overlapping structural
blocks on the basis of the S-base-pair [(GCAGCQ)]; motif
as observed in the middle of the T-base-pair duplex.
The intra- and sequential distance constraints of the
individual blocks and the sequential distance constraints

A
[(CGCAGCG)lz B {CAG)5 C [{CAG)gy
¥ 5 A3 AN

G1==—=0C(i C Go Co Go GismmC) Gfsmmct
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FIGURE 41-14 Enersy minimized structures of (left) (CGCAGCG),, (middle) [((CAG)s]z, and (right) (CAG)s
hairpin. The initial structures are constructed for dupiex and hairpin in the same way as for (CGCAGCG),. Because
of severe resonance overlap, we are unable to derive distance constraints either for the hairpin or for the duplex
of (CAG)s. The stem of the hairpin and the duplex are divided into overlapping motifs of (GCAGC), duplex.
Distance constraints for the 3-base-pair-long motif are from the NMR data of the duplex, (CGCAGCG);. The
overfapping structural blocks defined by the 5-base-pair motif are shown below the structure of duplex and hairpin.
No constraints are added for the interproton distances involving the loop nucleotides.
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of the connecting steps of the individual blocks are the
same as those of [(CGCAGCG));. The distance con-
straints, assigned in this way together with the hydrogen
bonding constraints, have been employed for the cons-
trained minimization using AMBER (version 4.0);
20,000 conjugate gradient steps were used for minimiza-
tion. Figures 41-14B and 41-14C show the duplex and
hairpin structures of (CAG)s modeled by restrained
minimization. In modeling the hairpin structures, no
distance constraints have been imposed on the loop
nucleotides. Similar structural features of the 5-base-
pair structural motif present in the [(CGCAGCG)); pre-
vail in the duplex and the stem of the hairpin.

Based upon their replication and mismatch repair
assays, Wells and co-workers [28] have suggested that
the (CAG) repeats form less stable hairpins than the
(CTG) repeats. It has been argued that the As in the
(CAG), hairpins are extrahelical, which according to
Wells and co-workers is in agreement with the NMR
data of Gao and co-workers {22]. However, the NMR
data of Gao and co-workers show continuous sequential
NOE connectivity in the (CAG), duplex. This rules out
the possibility of extrahelical As in the duplex. However,
Gao and co-workers {22] did not identify the H-bonding
nature of the two As facing each other in the duplex.
Our NMR studies on the (CAG); dupiex and the model
(CGCAGCG) duplex unequivocally show that the As
in these duplexes are intrahelical and singly H-bonded.

B. Effect of Repeat Length on
(CAG), Structures

Nondenaturing gel electrophoresis, digestion by the
single-strand-specific P1 nuclease, and 1D NMR studies
have been carried out on (CAG), and (CAG),, in order
to determine the effects of repeat length, #, on the
structures formed by the (CAG), repeats. Under all
solution conditions, (CAG),, and (CAG), in ex-
clusively in the hairpin conformation. |Fi§ures 41-
15A-41-15C show three possible structures of (CAG)yo
that would be consistent with the electrophoretic mobil-
ity data. Note that a (CAG)y, hairpin with one single-
stranded loop (Fig. 41-15A) has 9 G - C pairs (the
terminal one is susceptible to end-fraying), whereas a
(CAG)yy hairpin with two single-stranded loops (Fig.
41-15C) has 8 G - C pairs (none is susceptible to end-
fraying). We have carried out P1 digestions to probe
the single-stranded regions in the (CAG)yo and (CAG);
hairpins which reveal the presence of hairpin folding of
{CAG)yy and (CAG),; because substantial portions of
these sequences remain undigested at a low enzyme 1o
DNA ratio. However, what is more interesting is the
observation of three protected fragments, i.e., digests

of 22-24, 14-16, and 7-8 nucleotides for (CAG),; and
digests of 23-25, 15-17, and 8-9 nucleotides for
(CAG),,. As shown in Fig. 41-15C, of the three frag-
ments the longest one (over 22 nucleotides) is not ex-
pected if (CAG)y and (CAG),; form hairpins with one
single-stranded loop. However, if (CAG)gand (CAG)y;
form hairpins with two single-stranded loops, fragments
(>22 nucleotides) are expected after P1 digestion. Im-
portant evidence for the formation of double hairpin
structures comes from the !H NMR spectra of (CAG)yy
and (CAG),, at different temperatures and pHs. In
(CAG))q, the presence of four G-imino signals within
12.0-13.0 ppm with intensity distribution (i:1:2:4) is
consistent with 8 G - C base pairs. The G-imino reso-
nances at 10.75 and 10.95 ppm disappear above 10°C
and they are highly sensitive to pH. These two Gs may,
therefore, belong to two different loops. Thus, the imino
proton profile of (CAG),, is consistent with a hairpin
containing two single stranded loops (Fig. 41-15C). The
presence of two imino proton resonances for the gua-
nines in the loop is also consistent with a (CAG)yy hair-
pin with a single loop of 6 nucleotides (Fig. 41-15B).
However, for such a hairpin only 7 (and not 8) G - C
base pairs are expected.

Although, the 5' and 3’ ends come close to each other
in doubly looped (CAG)iq,; hairpins, it does not mean
that hairpin formation would have to be punctuated
beyond n = 10/11 since several doubly looped hairpins
of length 10 or 11 may be linked by double-stranded
spacers as shown in Fig. 41-15D. Organization of several
such 10- or 11-repeat-long hairpins may occur for longer
repeat lengths. This would suggest that the stability of
longer {CAG), repeats largely depends upon the stabil-
ity of individual doubly looped (CAG)yy,; hairpins. In-
terestingly, Petruska er al [34] made a similar observa-
tion in that the stability of (CAG),, is quite similar to
that of (CAG)y Organization of several doubly looped
(CAG)1p,41 hairpins may aiso describe the slippage struc-
ture during replication of long {CAG), repeats (see Fig.
41-15D).

C. (CAG), Hairpins Cause Slippage During
Replication: An in Vitro Assay

As previously described in Fig. 41-8, we have used
in vitro replication of M13 single-stranded DNA tem-
piates by Tag polymerase to assay for the intrinsic pref-
erence of hairpin formation by the (CAG), strands in
presence of its complementary Watson-Crick partner.
Triplet repeats, (CAG), or (CTG), (n = & or 21), are
inserted into the single-stranded M13 phage vectors
(M13mpl8 or M13mpi19).

T T T
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FIGURE 41-15 Three passible hairpin structures of (CAG)y: (A) a singly folded hairpin
with four nucleotides in the loop, (B) a singly folded hairpin with six nucleotides in the ioap,
and (C) a doubly folded hairpin with three nuclectides in each loop. The last loop folding is
supported by gel electrophoresis, P1 digestion, and NMR data. Exchange properties of the
loop iming signals are characterized by monitoring them at different pH and temperatures
(48, @(QG)H also forms a doubly folded hairpin. (D) Possible arrangement of the

doublyTolded (CAG), hairpins in a slippage structure.

In this replication assay, the majority of the replica- (CAG)ay, 17 out of 21 repeats in the insert and the
tion product sequences belong to one size category. The  flanking sequences before and after two BamH]1 restric-
full length of the insert and the flanking sequences are  tion sites are replicated, i.e., the remaining 4 repeats in
replicated for (CAG)gat a reaction temperature of 60°C,  the insert are bypassed. This observation is explained
which should completely melt the (CAG)g hairpin. For by the formation of a hairpin structure by the (CAG),,
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insert in the template. The extent of end-fraying in-
creases with increasing temperature and as a result, the
length of the central (GCC),, insert that is bypassed by
Tag polymerase decreases with increasing temperature,
In our replication assay, a repeat length (n) of 21 is
required to demonstrate the formation of a hairpin al-
though the individual (CAG), strands showed exclusive
presence of hairpins for n = 10-11. Therefore, the pres-
ence of the compiementary strand and the polymerase
pushes the critical threshold of n required for hairpin
formation by the (CAG), strand to a higher value. This
threshold value of n may be higher when in addition to
the polymerase ail the replication accessory proteins
(i.e., helicase, single-strand binding proteins) are also
present during chain elongation.

V. FRIEDREICH’S ATAXIA (FRDA),
TRIPLET REPEATS, (GAA)/TTC),:
CHARACTERIZATIONS OF THE
TRIPLEX STRUCTURES BY
NMR SPECTROSCOPY AND
IN VITRO REPLICATION

Friedreich’s ataxia (FRDA) is an autosomal recessive
degenerative disease. The disease susceptible gene, c25,
have recently been identified in the FRDA locus on
9q13-q21.1 [6, 88, 89). 25 encodes for a 210-amino-acid-
long protein called frataxin. FRDA is associated with
the expansion of GAASTTC triplet in the first intron of
the ¢25 gene (Fig. 41-2). The number of GAA/TTC
repeats in normal chromosomes varies between 7 and
22, whereas FRDA alleles ranges between 201 and 1186.
Usually there is no detectable mRNA expression of the
frataxin gene in FRDA alleles. Point mutations that
either hinder intron—exon splicing or abruptly terminate
the mRNA synthesis of X25 also lead to FRDA. This
suggests that FRDA is a single-gene disorder.

Unlike the GC-rich (CXG), triplet repeats which are
capable of forming hairpin structures with X - X mispairs
in the stem, the individual strands of (GAA)/(TTC),
do not form hairpin structures. Instead, they tend to
form triplex structures as shown Fig. 41-2. Note that the
folding of the longer TTC strand in this triplex leads to
the formation of C* - G- Cand T - A « T triads (Fig.
41-2). Here we discuss the determination of the high-
resolution structure of such a triplex by homonuclear
and heteronuclear NMR experiments. We also demon-
strate by an in vitro replication assay the presence of
similar triplexes with pyr ' pur - pyr triads when long
(TTC), repeats (i.e., n = 28-36) are present in the tem-
plate. In addition, by similar assays we show the pres-

ence of triplexes with pur - pur - pyr triads (see Fig.
41-2) when long (GAA), repeats (i.e., n = 28-36) are
present in the template although these triplexes are less
stable than those with pur - pur - pyr triads.

Previously, Wells and co-workers performed system-
atic studies (reviewed in [90]) on various triplex-forming
sequences including (GAA)/(TTC), The triplex-
forming ability of the (GAA)/(TTC), repeat was stud-
ied by monitoring the induction of superhelicity in circu-
lar plasmids containing this repeat. It was shown that
the (GAA)/(TTC), repeat (for n > 40) formed a triplex
with pur - pur - pyr triads even at neutral pH. Here we
show that a triplex of (GAA),/(TTC), containing as few
as only six triads (two C* - G- Cand four T+ A - T)
is also stable at neutral pH.

A. Structural Characterization of a Triplex
with pyr - pur - pyr Triads by
NMR Spectroscopy

The possibility of a triplex structure for the (GAA),/
(TTC), repeat becomes obvious because a finite popula-
tion of a triplex is observed even in the 11> NMR spectra
of the exchangeable imino (NH) and amino (NH,) pro-
tons of [1:1] (GAA); - (TTC); at pH 7.0 and 15°C. The
presence of the NH; signals from the protonated C* -
G Hoogsteen pairs indicates the presence of C* - G -
C triads as expected in a triplex. In addition, the NH
region is split into two groups, one belonging to the
Watson-Crick duplex (the major population) and the
other belonging to the triplex (the minor population).
With (1:2) (GAA); - (TTC), stoichiometry, the spec-
trum of the NH and NH, protons shows the exclusive
presence of a triplex conformation at neutral pH. A
triplex conformation is also exclusively present at neu-
tral pH when (GAA), is mixed with (TTC}), in equimo-
lar amounts. A triplex structure for [1:1} (GAA); -
(TTC), implies that the (TTC); strand probably folds
with a T, loop. However, the spectral qualities in (1:2)
(GAA); - (TTC)y and [1 : 1] (GAA) - (TTC); do not
allow the determination of high-resolution triplex struc-
tures by 2D NMR. We have, therefore, chosen an intra-
molecularly folded triplex, (GAAGAA)TJ(TTCTTC)-
T4(CTTCTT), that models the folding of the (TTC),
strand with a T4 loop (see and {91]). In an
actual system (see Fig. 41-2), either a T; or a T,CT,
loop is present. The spectral quality is dramatically im-
proved in this unimoiecular tripiex.

A 295 interproton distance constraint has been de-
rived by analyzing WATERGATE NOESY at 100 and
200 ms of mixing and NOESY in DO at 25, 50, 75, 100,
125, 200, and 400 ms of mixing. NOE data reveal that
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FIGURE 41-16  Schematic chainfolding, descriptions of H-bonding in the T - T pair and in the C* - G - Cand T - A - T triads,
and three-dimensional average structures of the triple helix forming sequence (GAA)YT(TTC);To(CTT); derived using 1D/2D NMR
spectroscopy. The stem of the triplex contains four T - A - T triads, and two C* - G - C. The stem is connected by two T, loops,
each of them containing one T-T base pair. All nucleotides are in (C2'-endo, anti) conformations. Analyses of the 2D NMR data of
(GAA)T(TTC): TJ(CTT); lead to about 300 NOEs which are converted into distances using full-relaxation matrix analysis; 20
structures compatible with the distance constraints are generated, All the structures were found to belong to the same cluster with

and average MSD of 0.52 A%,

all the nucleotides are in (C2'-endo, anti) conformations.
We have also determined {91] the specific interactions
of the amino protons belonging to the 4 Cs in this triplex.
For this, we have “N4-labeled the 4 Cs in (GAA-
GAA)T(TTCTTC)T(CTTCTT) and performed (“N-
'H-'H) HMQC-NOESY experiments. Figure 41-16
shows the stereo view of the superimposition of 20 mini-

mized structures. Figure 41-16 also shows the nature of
T7 - Ty pair that prevents the end-fraying of the T, - A$
* Ta4 triad of the triplex. The (TTCTTC) arm involved in
Watson—Crick pairing and the (CTTCTT) arm involved
in Hoogsteen pairing show several interarm NOEs with
the (GAAGAA) arm that uniquely lock the structure
of the stem. Therefore, the structure in Fig. 41-16 repre-
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sents a quantitative model for the triplex with pyr - pur
pyT triads that can be formed by the GAA/TTC repeats.

B. Identification of Triplexes with pyr - pur
- pyr and pur - pur - pyr Triads by an
in Vitro Replication Assay

Because our NMR studies unequivocally demon-
strate that GAA/TTC repeats can form triplex struc-
tures, it is obvious that the formation of such structures
during replication would cause slippage and replication.
We have demonstrated the presence of such structures
d.un'ng replication by an in vitre replication using the
single-stranded M13 DNA template. This assay is differ-
ent from the one described in Fig. 41-8 which is per-
formed in presence of Tag polymerase at various tem-
peratures (45-80°C) and in absence of any replication
aceessory proteins. As shown in this room
temperature assay, three different proteins {or protein
assemblies) are used: (i) DNA polymerase that extends
the primer on the single-stranded template, (ii) the
single-strand binding protein (SSBP, such as the E. coli
SSB or the human RP-A) that binds the polymerase on
the 3" side of the primer and tends to destabilize any
secondary structure in the template, and (iii) the acces-
sory and ATP-dependent protein compiex that binds
the polymerase on the 5’ side of the primer. This multi-
component protein~-DNA complex ensures efficient
chain elongation and processivity in DNA replication.
Abnormal replication in this assay indicates that the
rgplication machinery is unable to perform template-
directed synthesis due to the presence of secondary (un-
usual) structure in the template. In fact, the nature of
the replication product reflects the nature of the unusual
structure present in the template. For example, a repli-
cation bypass is expected if a DNA repeat in the tem-
plate forms a hairpin (as shown previously in Fig. 41-
8). On the other hand if a DNA repeat in the template
forms a triplex, a replication arrest is expected in the
middle of the repeat (see Fig, 41-17). Finally, if a DNA
repeat in the template forms a G-quartet, a replication
arrest is expected in the beginning of the repeat. As
previously stated, this assay has been successfully used
to demonstrate the presence of (i) simpie hairpins in
the fragile X tripiet repeats, (ii) triplex in FRDA triplet
repeats, and (iii) hairpin G-quartet and hairpin i-motif
n the insulin minisatellite [92-94].

As shown in Fig. 41-17, the slippage of (TCC), in
the template may cause the formation of a triplex with
PYT ' pur - pyr triads whereas the slippage of (GAA),
in the template may lead to the formation of a triplex
with pur - pur - pyr triads. Since the triplex with pyr -
pur - pyr triads contains C* - G - C, an acidic pH is

likely to enhance the stability of such a triplex. Also in
this triplex, the secoad pyr strand is located in the major
groove of the pur strand of the Watson-Crick duplex
and one of the H bonds in the major groove involves
N7 of purines (see Fig. 41-2). Therefore, when (TTC),
is present in the template the use of 7-deaza GTP (in-
stead of dGTP) in the precursor pool should eliminate
the possibility of a H bond involving N7 of G and,
therefore, should drastically lower the stability of the
triplex with pyr - pur - pyr triads.

In the tripiex with pur - pur - pyr triads (see Fig. 41-
2), the second pur strand is located in the major groove
of the first pur strand of the Watson-Crick duplex. Note
that the formation of this triplex requires no proton-
ation. However, here also N7 in the first pur strand is
invoived in H-bonding. Therefore, the presence of (7-
deaza GAA), in the template instead of (GAA), should
eliminate one of the two H-bonding potentials of Gs in
the major groove and should, therefore, drastically
lower the stability of such a triplex.

The replication of (TTC); in the MI13 single-
stranded DNA template gives a full repiication product
containing (GAA)s when the primer extension is car-
ried out in the presence of the T; DNA polymerase
within the pH range 5.5-8.0. Similar resuits are ob-
tained with the T, DNA polymerase and the E. coli
Klenow fragment. However, the replication pattern
of (TTC)y in the template in the presence of the T,
DNA polymerase, the T, DNA polymerase, or the
E. coli Klenow fragment at pH 5.5-7.0 shows a strong
replication arrest in the middle of the (TCC)y tract
in the template (ie., at n = 18). Similarly, when
(TCC)qis present in the template, a strong replication
arrest is observed at n = 14. Therefore, it appears
that in our assay at least 28 repeats of (TTC) are
necessary to cause the formation of a triplex during
replication. The addition of either the E. coli SSB/
human RP-A or the T, SSB (i.e., the product of gene
32) and the T, accessory proteins (i.e., the products
of genes 44/62 and gene 45) to the replication assay
releases the arrest for (TTC)zy36 in the template. The
replication arrest in the {TTC)s template is also re-
leased when 7-deaza G is used in the precursor pool.
This is consistent with a triplex with a H bond through
N7 of G in the major groove (see Fig. 41-2).

A replication arrest occurs in the middle of the
(GAA)ag 3 tract (ie., at 1 = 14 or 17) only for the T,
polymerase. This is consistent with the formation of a
tripiex with pur - pur - pyr triads as shown in Fig. 41-
2: such a triplex is detected in our replication assay only
for (GAA), templates with repeat number 28 or larger.
Like the triplex with pyr - pur - pyr triads, this triplex
is also unwound when either the E. coli SSB/human
RP-A or the T, SSB plus other T, accessory proteins is
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FIGURE 41-17 An in vitro replication assay with (GAA), or (TTC), inserts in the single
stranded M13 DNA templates. The folding of (GAA), or (TTC), creates a tripiex with pur - pur

* PYr Or pyr * put - pyr triads.

added during replication. The replication of (7-deaza
GAA)s in the template shows no replication arrest.
This indicates that in this triplex the Gs of the second
pur strand is interacting with the Gs of the first pur
strand through H bonds involving N7 (see Fig. 41-2).
However, this triple helix is less stable than the triplex
with pyr - pur - pyr triads since in the presence of the
T; DNA polymerase no replication arrest is observed
when (GAA)zy 3 are present in the template whereas
as previously described strong replication arrests are
observed for the same enzyme when (TTC),3 34 are pres-
ent in the template.

V1. CONCLUDING REMARKS

A. On the Mutagenic Unusual
DNA Structures

Even before the discovery of the triplet related dis-
eases, Sinden and Wells [95-97] proposed that unusual
DNA structures may cause slippage during replication,
resulting in deletions or expansions in the genomic
DNA. After the discovery of the triplet-related diseases
and the accumulation of a vast body of sequence, bio-
chemical, and genetic data, the possibility of unusual
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DNA structures as “dynamic mutagens” could be PUl  5sAorG,a homodupiex conformation of (CXG), is
fa

to rigorous tests. I ct, Wells and co-workers [97] have
attempted tg explain these data associated with various
triplets on the basis of thejr ability to form hairpin,

triplex, or noodle DNA Structures. In her review

that for colon cancers [98~101]. In the triplet-related
diseases, large €Xpansions in the triplet repeats are
caused by the formation of unusual DNA Structures,
whereas in colon

netic analyses [11]. It appears that the
(CXG), hairpins are length dependent,
length Correlation agrees well with the disease Suscepti-
bifity vs length correlation. This means

:an be blocked by the mismatch Tepair system only when
he repeat length is sma) [102-104]. The repair system
ecomes ineffectua] when the Tépeat number of the
riplets exceeds a4 certain critiea) threshold.

‘Tepeats. This is brought about by the three-nucleotide
number of

Peats and the four-nucleotide loop in the (CXG),
Irpins with an €ven number of fepeats. Generally, the
18er the repeat, the higher the probability of hairpin
mation, However, different (CXG) repeats have djf-
ent length réquirements for hairpin formatjon, For
:mple, the individual
form hairpins starting at n
ividua strands of (CGG), or (CAG),
ting only at p =

form hairpins
that when X

preferred to a hairpin conformation for shorter (n < 10)
repeat lengths. A larger repeat lengths, the
shifts toward the hairpin, /n vy replication assay also
demonstrates that (CCG), forms 2 hairpin at n = 27
whereas (CGG), does not form g hairpin at n = 21.
Note that in the presence of the complementary strang
(i.e., in oyr replication assay}, a larger repeat number

growing (CCG), chain should cause €xpansion. This is
exactly what Laird and co-workers [39] have observed
in their replication assay wi i

ases. In addition they have observed that the
Strand is less prone to €Xpansion than the (CCG), strand
which is again comsistent with oy finding that the
(CCG), strand more readily forms a hairpin structure
than the (CGG), strand,

2. ONTHE TrIPLEXES FormeD By THEg FRIEDREICH'S
ATAXia TripLET RePEATS

' Pyr triads. The
triplex with PYT - pur - pyr triads js more stable than
the one with PUT - pur - pyr triads, Also
With pyr - pur - pyr 1
parallel in the major groove of the Watson-Crick dupiex
whereas in the triplex with PUT - pur - pyr triads the
second pur strand Tuns anti-paralie] to the Watson-
Crick duplex. In accordance wi

that the same substitutions in the '
GAA repeat confer stability to the repeat
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Summary

During the eukaryotic cell cycle, chromosomes undergo
large structural transitions and spatial rearrangements
that are associated with the major cell functions of
genome replication, transcription and chromosome
condensation to metaphase chromosomes. Eukaryotic
cells have evolved cell cycle dependent processes that
modulate histone:DNA interactions in chromosotnes.
These are; i) acetylations of lysines; ii) phosphorylations
of serines and threonines and iii) ubiquitinations of
lysines. All of these reversible modifications are
contained in the well-defined very basic N- and C-
terminal domains of histones. Acetylations and phos-
phorylations markedly affect the charge densities of
these domains whereas ubiquitination adds a bulky
globular protein, ubiquitin, to lysines in the C-terminal
tails of H2A and H2B. Histone acetylations are strictly
associated with genome replication and transcription;
histone H1 and H3 phosphorylations correlate with the
process of chromosome condensation. The subunits of
histone H1 kinase have now been shown to be cyclins and
the p34°"<2 kinase product of the ceil cycle control gene
CDC2. It is probable that all of the processes that control
chromosome structure:function relationships are also
involved in the controt of the cell cycle.

Introduction

The cell division cycle constitutes a series of inter-
related processes that have evolved to create two
genetically identical daughter cells from a mother cell.
A major function of this cycle is the faithful replication
of the genome and its packaging into chromosomes.
During the cell cycle, chromosomes undergo major
structural transitions ranging from the more dispersed
functional states in S phase to the fully condensed
inactive state of metaphase chromosomes. The factors
that control these transitions most probably have major
involvements in the molecular control of the cell cycle.

The magnitude of the problem of understanding the
structures and functions of mammalian chromosomes
can be appreciated from the fact that the diploid human
genome contains more than 200 cm of DNA molecules
packaged into 46 chromosomes, each several um’s in
length, contained in a cell nucleus about 5 um radius.

Although chromosomes have been studied intensively
for more than a century, we have only a sketchy
understanding at the molecular level of their organiz-
ation and different structural states, This situation
reflects the inherent difficulties of analyzing the
complex hierarchy of protein:DNA interactions in-
volved in packaging DNA molecules into chromo-
somes. The first level of complexity involves histone:
DNA interactions that must be able to accommaodate a
muititude of different DNA sequences, with each
sequence differing in its physical property of flexibility.
Subsequent interactions are required to generate the
higher orders of chromatin structure found in meta-
phase chromosomes. Furthermore, specific DNA
sequences most probably determine or influence the
long range organization of DNA in chromosomes. It is
to be hoped that one outcome of extensive human
genome sequencing will be the identification of the
sequences involved in DNA packaging and chromo-
some organization. Solutions of these complex struc-
tural problems are central also to our understanding of
the major cell cycie events of replication, transcription
and the process of condensation to the metaphase state.
In this article, I will discuss our current understanding
of the chromatin structure/function relationships of the
cell cycle-dependent reversible chemical modifications
of histones; acetylations, phosphorylations and ubiqui-
tinations. Lysine residues in histones are subjected also
to irreversible methylations of unknown function and to
levels of polyadenosine diphosphate ribosylation,
which are vanishingly low in undamaged cells.

Long Range Order in Chromosomes

The special case of polytene chromosomes with their
bands, interbands and puffs of active regions provides
visual evidence of long range organization in chromo-
somes. Long range order exists also in mammalian
chromosomes. The gentle removal of the histones and
all but the most tightly bound of the chromosomal
proteins from human metaphase chromosomes reveals
in electron micrographs a residual proteinaceous
scaffold of the original chromosome which constrains a
‘halo” of DNA loops!"’. These observations and
biochemical evidence for long range order in the
chromatin of interphase cells® have led to the proposal
of a DNA loop or chromatin domain model for the
organization of DNA in chromosomes with each DNA
loop containing a gene or small set of linked genes.
DNA loop sizes from a variety of studies have been
estimated to range from 5 to 200kbp with an average
size of 50kbp (reviewed in ref. 3). Thus, the human
haploid genome of 3x 10° bp DNA would contain 60 000
loops. a number comparable to the S0000 to 100000
genes thought to be contained in the human genome.
The proteinaceous scaffold comprises 2% of the
chromosomal proteins and contains two major scaffold
proteins Scl and Sc2 that constrain the DNA loops at
their bases™. It is significant that Sci has been
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identified® as topoisomerase II, an enzyme that relaxes
both negatively and positively supercoiled DNA.
Further yeast genetic studies have shown that topo-
isomerase II is essential in mitosis for the separation of
daughter chromosomes®®. Recent studies from my
laboratory® and other laboratories'®~12 also implicate
topoisomerase II in the physical process of chromosome
condensation in mammalian cells.

Histones

If DNA is constrained by loop attachment or any other
mechanism, then the state of DNA topology becomes
an important consideration in the understanding of
chromosome functions‘'®. Histones are of central
importance because they package eukaryotic DNA into
nucleosomes and several higher orders of chromatin
structures. An essential role for histones in the
structure/ function relationships of chromosomes is
implied by the rigid sequence conservation of the entire
histones H3 and H4 and of the well-defined globular
domains of the other histones H1l, H2A and H2B.
However, histone diversity is also of functional
importance and families of histone subtypes that have
been found for histones H1, H2A and H2B provide the
potential to introduce considerable variability into the
physical packaging of genes in DNA loops in
chromosomes of different cell types; for example,
mammalian cells contain six subtypes of histone H1
(reviewed in ref. 14). Additional variability derives
from the reversible chemical modification of histones
that change markedly the nature of the modified amino
acid. The major reversible modifications of histones
that are cell cycle dependent are phosphorylation,
acetylation and ubiquitination.

NMR spectroscopy!> and controlled proteolysis!!®
of specific histone complexes, nucleosomes and
chromatin have demonstrated that histones are multi-
domain proteins. In isolated complexes in solution, H3
and H4 have weli-defined, basic, flexible N-terminal
domains extending from defined apolar giobular
structures; H2A and H2B have variabie flexible N and
C-terminal domains and conserved central globular
domains, and H1 has a similar conformation, but with
longer extended flexible N and C terminal domains. It is
significant that all of the sites of reversible chemical
modifications of histones, acetylation, phosphorylation
and ubiquitinations, are located in these flexible basic
domains. The specific histone complexes, the dimer
{H2A, H2B]. tetramer [H3,, H4,] and octamer [(H2A,
H2B):(H3, H4,)] are held together by interactions
between the apolar globuilar domains. Cartoon models
for the histone dimer and tetramer and H1 showing the
different domains and sites of reversible modifications
are given in Fig. 1. Clearly these reversible histone
modifications that affect the charge density of the
flexible N and C-terminal domains or introduce bulky
ubiquitin moieties have considerable potentiai to
modulate histone:DNA interactions in chromatin.
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Fig. 1. Outline structures of histone H1, and the (H2A, H2B) dir_ner
and (H3,, H4,) tetramer showing the well-defined globular domains,
the basic flexible N and C-terminal domains and siies of reversible
acetylatien, phosphorylation and ubiquitinations.

Nucieosome and Chromatin Structures

The first level of histone:DNA interactions generates
the basic structural unit of eukaryotic chromosomes,
the nucleosome. Virtually all of the genome is packaged
into nucleosomes. Nucleosomes from most cells of
higher eukaryotes contain 195+5bp DNA, the histone
octamer [(H2A, H2B),(H3;,H4,)] and one H1 mol-
ecule. Nuclease digestion of nucleosomes reveals two
well-defined subnucleosome particles; the chromato-
some with 168bp DNA and the full complement of
histones and the nucleosome core particle with 146 bp
DNA and the histone octamer (reviewed in ref. 3).
Neutron scatter studies of the low resolution structure
of the core particle in solution (reviewed in ref. 17)
reveal it to be a flat disc 11.0nm diameter, 5.5-6.0nm
thick with 1.7+0.1 turns of DNA of pitch 3.0nm coiled
on the outside of the histone octamer; this structure is
the same as the crystal structure now solved to
0.7nm*® and 0.8 nm™® resolutions. At these higher
resolutions, the DNA is seen to be not uniformly bent
around the octamer, but to follow a path of gentle
curves and tighter bends. It is to be noted that not ail of
the histone octamer electron density is accounted for by
the core particle crystal structure/™®. This has been
attributed to disorder in the flexible N-terminal
domains, probably because their in vivo sites of
interactions lie outside of the 146 bp DNA core particle.
These N-terminal domains can be proteolysed away
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Fig. 2. Mode| for the chromatosome based on the known structure of
the nucleosome core particle and the probable binding probe of
histone H1.

from core particles with littie effect on core particle
structures'®). Thus, the conserved core particle appears
to be stabilized by interactions between the 146bp
DNA and the rigidly conserved H3 and H4 and
conserved globular domains of H2A, H2B. At this time
the modes of interactions of the flexible basic N and
C-terminal domains in nucleosomes and chromatin are
not understood. Although these regions are depicted as
random coils In isolated histone complexes (Fig. 1),
they could be partially helical when complexed with the
phosphate groups of DNA because of charge neutraliz-
ation of lysines and arginines®®. Such interactions,
however, must be modulated by the reversible chemical
modifications.

Extrapolating from the 1.7-1.8 turns of 146bp of
DNA of pitch 3.0nm coiled around the core particle,
then the 168bp of DNA in the chromatosome
corresponds to 2.0 turns of DNA that are sealed off by
the binding of the central globular domains of the fifth
histone H1, as shown in the model given in Fig. 2. The
long flexible ‘arms’ of the H1 molecule clearly have the
potential to be involved in long range interactions in
chromosomes.

At low ionic strength, chromatin unfolds and forms
an llnm diameter fibril consisting of a string of
nucleosome discs arranged roughly edge to edge
{reviewed in 17). The mass/unit length gives a DNA
packing ratio of 6 to 7 to 1, which corresponds to a
nucleosome every 10x2nm. With increase of ionic
strength. the 11 nm fibril makes a transition to a *30 nm’
fibril. Most of the DNA m interphase and metaphase
chromosomes is packaged into 30nm fibrils. The
diameter of the hvdrated form of this fibril from chicken
ervthrocvies is 34 nm and its mass/unit length corre-
sponds to 6 to 7 nucleosomes per turn of a supercoil of
pitch 11.0nm. i.e. a DNA packing ration of 4(} to 50:1
(reviewed in refs 3 and 17). Because of the paucity of
hard structural data, a range of models have been

proposed for this 34 nm fibril (reviewed in ref. 3). Basic
questions that still need to be answered are the location
of histone H1 and internucleosomal linker DNA.

DNA Supercoiling

In bacteria the state of DNA topology in the nucleoid is
maintained by the balance of activities of gyrases which
increase DNA supercoiling, and topoisomerases, which
relax supercoiled DNA (reviewed in ref. 21). Despite
many efforts, however, the eukaryotic homologue of
the bacterial gyrase has not been found. A possible
reason for this is that the evolution of the nucleosome
provided other mechanisms for the control of DNA
supercoiling in eukaryotic chromosomes. This is
evident from the structures of the core particle and
nucleosome. The core particle contains 1.7+0.1 turns
of DNA coiled around the histone octamer. Addition of
H1i to form the nuclecsome increases the number of
turns of DNA coiled around the octamer from 1.7 to 2.0
(Fig. 2). Thus the state of DNA supercoiling within a
contrained chromatin loop will depend, in part, on the
number of DNA supercoils taken up by the nucleo-
somes. Other factors are given by the equation for the
linking number, Lk, which is the number of times that
each DNA strand crosses the other strand in a DNA
circle®. It follows that for a DNA circle, Lk must be
an integer that can be changed only by cleaving one or
both DNA strands, rotating the DNA ends and
religating the circle. Lk is given by

Lk =Tw+ Wr

where the twisting number, Tw, is the number of DNA
helical repeats in the circle and is usuaily not an integer
and Wr, the writhing number, is the number of
superhelical turns of DNA in the circle. In a core
particle, if the helical twist parameters of the DNA
double helix remained unchanged on dissociation from
the histone octamer, then the change in Wr or Lk would
be =1.7£0.1, the number of DNA superhelical turns
on the core particle. The linking number change
associated with a core particle can be determined by
reassembling core particles onto a closed circular
plasmid and relaxing superhelical strain in the DNA
between core particles with topoisomerase [. (an
enzyme that nicks one of the two polynucleotide chains
on duplex DNA, allows the DNA ends to rotate and
then religates the cut DNA ends). The average number
of core particles on these relaxed circles is obtained by
counting them in E.M. pictures of a large number of
assembled circutar minichromosomes. The core par-
ticles are dissociated by exposure of these circular
minichromosomes to high salt and the average number
of previously constrained DNA supercoils is obtained
from the distribution of topoisomers on agarose gels.
By dividing the average number of DNA supercoils bv
the average number of core particles. the linking
number change associated with a core particle has been
determined to be —1.01x0.08) This less-than-
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expected change in Lk is attributed to a change in
helical twist between free DNA in solution and the
DNA coiled around the histone octamer (see ref. 24).
The helical repeat of free DNA in solution has been
determined to be 10.6 bp/turn, whereas the DNA on
the core particle has an average value of 10.1bp turn.
With these values for helical twists the expected linking
number change on release of DNA from a core particle
would be

ALk = %érw + %Wr =

1 I

0.1 10.6) 1.7 1.02 the observed value.
The overail state of supercoiling of a chromatin domain
will depend in part on the number of DNA supercoils
constrained by the nucleosomes. If nucleosomes release
previously contrained DNA then this will increase the
negative DNA supercoiling in the free linker DNA in
the chromatin loop and favor the unwinding of a
chromatin domain of nucleosomes, whereas if nucleo-
somes take up additional DNA, that is add on DNA
supercoils, then the opposite effect would be expected.

Histone Acetylation

Some irreversible acetylations occur during histone
synthesis that block the N-termini of H1, H2A and H4.
The sites of reversible histone acetylations are given in
Fig. 1. A small subset, 5-10 %, of the core histones are
acetylated and because we know that transcriptionally
competent nucleosomes are in hyperacetylated states, it
follows that acetylation affects only a small but
significant chromatin component. The turnover of
acetylation on the core histones is usually, but not
always (see ref. 25) rapid and determined by the net
activities of histone acetyltransferases and deacetylases.

Histone acetylation has been correlated with ail
aspects of DNA processing in eukaryotes; replication,
transcription and spermiogenesis (reviewed in refs 26
and 27). A role for histone acetylation in transcription
was first proposed by Allfrey and co-workers (see ref.
27) who have now demanstrated a strict association of
hyperacetylated H3 and H4 with the chromatin state of
active genes. Such an association has also been shown
tor H4 acetylation in Physarum polycephalum'® and
antibodies, specific for acetylated lysines, bind nucleo-
somes that are 15-30 fold enriched in active gene
sequences®™. The most detailed cell cycle studies of
histone acetylations have used the precise nuclear
division cycle found in the macroplasmodium of
Physarum polycephalum (reviewed in ref. 30). Three
patterns of histone acetylations have been observed: i)
S-phase acetylations of all the sites in all four core
histones, H2A, H2B. H3 and H4, that have been
assoctated with chromatin replication and S-phase gene
expression: ii) G phase acetviations to the higher states
of acetylation of only H3 and H4 associated with G-
phase gene expression. and iii} the M-phase deacety-
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lations of all four core histones, presumably to allow the
correct packaging of nucleosomes into metaphase
chromosomes.

Yeast Genetics and Histone Acetylation

Grunstein and co-workers®? have used the power-
ful approach site-directed mutagenesis in yeast (S.
cerevisiae) genetics, generating residue deletions and
replacements, to study the functions of the different
domains and sites of acetylations of core histones. It
should be noted, however, that a very much larger
component of the yeast genome is transcriptionally
active compared to the genomes of higher organisms,
and this is paralleled by a five fold increase in
hyperacetylated forms of histones in this organism©2
and an apparent absence of histone HI. Although
deletion of either N-terminal domain of H2A or of H2B
results in yeast cells that are viable, deletion of both
N-terminal domains is lethal, suggesting some redun-
dancy in the functions of these domains in yeast™®,
Deletions in the apolar globular domains of the core
histones are all lethal, showing that interactions of these
domains and the integrity of the core particle are
essential to chromosome functions. Particularly reveal-
ing are the effects of deletions and replacement of
residues in the N-terminal domain of histone H4. In a
recent report, Durrin et al.®** have shown that the
N-terminal domain of H4 is required for GAL 1 gene
promoter activation and deletion of the region 4-23,
which contains all four sites of acetylation (Fig. 1),
causes a marked reduction in GAL 1 gene activation.
Deletions in the N-terminal domains of the other core
histones do not cause similar effects. Smith and co-
workers® have shown that the directed replacement
of all four sites of acetylation in the N-terminal domain
of histone H4 with either arginine or asparagine is
lethal. The replacement of any individual lysine,
however, resulted in viable cells, but with longer
periods of DNA replication. When all four lysines were
replaced by giutamines, several effects on the cells were
observed:; the cells were sterile, they had prolonged S-
and G,/M phases of the cdc, and were temperature
sensitive. These studies provided genetic support for
specific roles of H4 acetylation events in gene
expression, chromatin replication and the cell cycle.

Effects of Histone Acetyiation on Chromatin
Structure

An interesting early observation that has relevance for
structure/function relationships of acetylation, is of the
much enhanced nuclease sensitivity of DNA in
hyperacetylated chromatin in nuclei®®. Thus, histone
hyperacetylation results in increased accessibility of
DNA to nuclease attack presumably through  the
unfolding of chromatin. However. at the level of the
nucleosome core particle, only small structural effects
of histone acetylation have been found; hyperacety-
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lated core particles migrate slightly slower than control
particles on particle gels”®”. Such an effect could be
attributed to a change in core particle shape or to the
viscous drag of the acetylation released N-terminal
domains of the core histones. Low resolution neutron
scatter studies, however, showed no effects of hypera-
cetylation on the overall shape of the core particle in
solution®®. Although there is evidence that hyperace-
tylation of core histones weakens their interactions with
the central region of DNA®, it does not resuit in an
unfoiding of the core particle.

A detailed understanding of the structure/function
relationships of histone acetylation requires the devel-
opment of fully defined chromatin systems with both
closed circular and linear DNAs. Such studies are now
possible through the construction of a DNA circle with
18 repeats of 207bp DNA, each repeat containing a
nucleosome locating sequence'®. Using this construct,
we have found that the linking number change ALk of
an hyperacetylated nucleosome particle is —0.82:+0,05,
compared to —1.04+0.08 for the control particle!*®.
These studies have been extended by the fractionation
of ail states of acetylations of the core histones and the
assembly of 207 bp nucleosome particles and 18 X207 bp
closed circular DNA with octamer containing tetra-
acetylated H3 and H4 and bulk H2A and H2B". The
tetra-acetylated states of H3 and H4 induced the same
linking number change as found for the hyperacetylated
states of all four core histones. As suggested by
Grunstein and coworkers®*, from the different func-
tional effects of the deletions in the N-terminal domains
of H3 and H4, the effects of histone acetylation on
linking number change may be attributed to H4. There
are several possible explanations for histone acetytation
induced change in ALk. The most likely is that the
histonte octamer, through its N-terminal domains, binds
and coils DNA regions outside of the 146bp core
particle DNA and acetylation releases these segments,
resulting in changes of both DNA writhe and twist in
these regions. Core histone acetylations may also affect
the proposed DNA binding site of the central globular
domain of histone H! (Fig. 2), destabilizing higher
order chromatin structures and making previously
shielded DNA control regions accessible to transacting
factors and polymerases. Some understanding of the
biclogical functions of histone acetylation should come
from the identification of a potent and specific inhibitor
of mammalian histone deacetylase, trichostation A,
which causes cells to arrest in both G; and G- phase of
the cell cyclet*?.

Histone Ubiguitination

Another major cell cycle dependent modification of
histone H2A and H2B is the reversible ubiquitination
of lysines located in the C-terminal tails of these
histones (Fig. 1). Ubiquitin, the most conserved of all
eukaryotic proteins, is a very stable, globular 76-amino

acid protein. It is covalently attached to H2A and H2B
by an isopeptide bond between the C-terminus of
ubiquitin and the € amino group of the target lysine side
chain. Thus, ubiguitin forms unusual bifurcated nuclear
proteins with H2A and H2B. The functions of these
nuclear histone ubiquitinations are not known. There is
no evidence that they result in the degradation of the
labelled H2A and H2B, as is found for the ubiquitin
mediated degradation pathways of cytoplasmic pro-
teins. It has been reported that fractionated nucleo-
somes containing active DNA sequences are also
enriched in uH2A »nd particularly in wH2B™», The
ubiquitinated histones may ‘label’ active or potentially
active genes of a particular gene family.

The additions of bulky globular ubiquitins to the
C-terminal tails of both H2ZA molecules have been
shown to have little effect on the structure of the core
particle, suggesting that the ubiquitins attached to H2A
lie on the faces of the disc-shaped core particles™®.
Such ubiquitin locations would be expected to interfere
with the close packing of nucleosomes in the 34 nm
diameter supercoil. From such structural consider-
ations, it is of some interest that metaphase chromo-
somes of higher eukaryotes totally lack uH2A>. The
precise nuclear division cycle in the macroplasmodium
of Physarum polycephalium has allowed detailed studies
of the ubiquitination cycle of H2A and H2B™“®, yH2A
and uH2B are present through S-phase and G, phase up
to prophase. From prophase to metaphase, they are
deubiquitinated, but are then reubiquitinated in
anaphase. It appears that ubiquitin tags have to be
removed to allow the close packaging of nucleosomes in
metaphase chromosomes. Additional evidence for an
important cell cycle role for ubiquitination comes from
the mouse G- phase mutant cell line ts85*"), which has
a temperature sensitive lesion in the ubiquitin-
activating enzyme*®, At the non-permissive tempera-
ture, ts85 cells arrest close to the S/G, boundary and
this arrest is accompanied by the loss of uHZA. It
appears that following S-phase replication of chromo-
somes, the ubiquitination of a subset of H2A and H2B
and/or other proteins is an essential step for pro-
gression through the $/G, boundary.

Results from the cell cycle studies of another ts ceil
mutant tsBN2M%) suggest an interrelationship between
the cell cycle controils of histone phosphorylation and
ubiquitination in the process of chromosome conden-
sation. Incubations of tsBN2 cells at the non-permissive
temperature induces premature chromosome conden-
sation (PCC) in S and G;-phases of the cell cvele™.
The defective gene, RCC1, has been identified and
codes for a 45kD DNA binding protein of, as yet,
unknown function’”’. This temperature-induced PCC
in tsBN2 in § and G, phases is accompanied by both the
mitosis-related phosphorylations of histone HI1 and
H3'** and the deubiquitination of uH2A (Th'ng, J..
Bradbury. E. M., unpublished) suggesting that thesc
events are linked in the process of chromosome
condensation.
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Histone Phosphorylations

Histone HI has the unusual conformation shown in
Fig. 1 and part of its mode of binding to the
chromatosome is through the central globular domain,
Fig. 2. H1 is known to stabilize the 34 nm supercoil of
nucleosomes and is further involved in the salt-induced
compaction of chromatin, a process that must invoive,
n part, charge neutralization between the histones and
DNA. Because the phosphorylations of serines and
threonines in H1 could be expected to influence this
process, precise cell cycle studies of H1 phosphoryl-
ations were undertaken on the macroplasmodium of
Physarum polycephalum®™®. 1t was found that H1 was
phosphorylated through S-phase, phosphorylation
events that are probably associated with H1 deposition
and chromatin replication. Through G, phase, all H1
molecules were subjected to increasing phosphoryl-
auons to reach a hyperphosphorylated state at meta-
phase, that was shown later to reach 22-24 phosphates
per H1 molecule®”. Immediately following nuclear
division, these hyperphosphorylated H1's were rapidly
dephosphorylated to the S-phase levels. H1 kinase
activity was also shown to vary cyclically, increasing 15
fold from S-phase to just before metaphase and then
rapidly falling off®>. These results led to the proposal
that an increase in Hl kinase activity initiated and
controlled mitosis and the physical process of chromo-
some condensation was driven by H1 phosphorylation.
Support for these proposals came from the demon-
stration that mitosis could be advanced by up to 40 min
when heterologous H1 kinase activity was added to
macroplasmodia 3h prior to the expected meta-
phase®". A similar pattern of H1 hyperphosphoryl-
ation was observed in mammalian cells and, in addition,
all histone H3 molecules were phosphorylated at a
single site, serine 10, just prior to metaphase®®®. This
phosphorylation is probably required for a late stage of
chromosome condensation. Over the past ten years,
tl_]ree distinct lines of research have merged to advance
significantly our understanding of eukaryotic cell cycle
controls: 1) cell cycle studies of the reversible chemical
modifications of histones and their effects on chromatin
structure and function; ii) the powerful approach of
yeast genetics in identifying the genes and their
products that act at the major decision points in the cell
cyele®™; and iii) studies of the rapid cell cycles of
fertiliged embryos of sea urchins, clams and other
organisms, which led to the identification of cyclins that
increased in amount through the cell cycle to be
specifically degraded at metaphase®" 9.

Yeast genetic studies have identified a protein kinase,
p34, the product of the cde2 gene in S. pombe, that is
required at decision points in both G, and G, phases of
the cell cycle. Through S phase. phosphorylated forms
of p34 compiex with mitotic cyclins to form an inactive
kinase. This kinase is activated through G- phase by the
dephosphorylation of a phosphotyrosine in p34. The
tsolated H1 kinase activity increases through G; phase
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to peak at metaphase and then rapidly fails off, a
behavior identical to H1 kinase activity through the
nuclear division cycle of Physarum polycephalum®?.
We have recently characterized a temperature-sensitive
G, phase mutant FT210 cell’® that derives from a
mouse mammary tumor cell line FM3A®". Two lesions
have been found in the CDC2 gene and the H1 kinase
isolated from FT210 is temperature labile. At the non-
permissive temperature, FT210 cells block only in early
G phase. Histone H1 does not undergo mitosis-related
phosphorylations, suggesting that H1 is an in vivo
substrate for the p34/cyclin kinase. Qur finding that
there is no temperature-induced G block in the FT210
mutant cell suggests that in transformed mammalian
cells, there is either no CDC2 gene involvement in G,
regulation or that other CDC2-like genes may act with
G; cyclins in the G, phase of the cell cycle. Another
p34-like kinase, p33, has been reported that is activated
earlier in the cell cycle'?. However, a very important
recent study®® shows that there is a cascade of kinase-
mediated controls of progression through G, phase of
normal cells that is completely absent from transformed
celis.

H1 Phosphorylation and Chromatin Structure

Based on the known chromatin structural effects of
histone H1, we have proposed that H1 phosphorylation
is a major factor involved in physical process of
chromosome condensation. The cause-and-effect re-
lationships, however, have yet to be demonstrated. The
major reasons for this situation are the complexity of
chromosomes, the well-known difficulties in bandling
isolated chromatin, the unsolved problem of how
flexible histone domains interact with DNA, and the
unknown role of divalent cations, such as calcium. A
similar situation applied to an understanding of histone
acetylation 1n nucleosome and chromatin structure,
until it was shown by using fully defined chromatin
model systems that hyperacetylation of H3 and H4
caused a reduction in the nuclecsome core particle
linking number change!**V thus releasing negative
DNA supercoiling into a constrained DNA loop
facilitating the unfolding of chromatin domains.
Because the reverse process would have the opposite
effect, an artractive model under test is that HI
phosphorylation increases nucteosome linking number
change. thereby introducing positive DNA supercoiling
into a chromatin loop. It has been shown that SPKK
sequences in HI1, the H! growth-associated kinase
phosphorylation sites, have a specific interaction with
AT-rich DNA segments‘®’. The nature of this interac-
tion is not understood. but it is to be expected that the
phosphorvlation of these sites would probably abolish
their interaction with DNA.

If 1t 1s accepted that the major function of the cell
cycle is to package genomes or to repackage them
during the developmental process, then it is logical that
cell cycle dependent changes in chromosomal proteins
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are important in understanding cell cycle controls.
Changes in charge are introduced into the histone
sequences through the reversible modifications of
acetylation and phosphorylation. The third major
modification, ubiquitination, introduces a major struc-
tural perturbation in chromosomes. The metabolic
costs to the cell in the syntheses of the proteins required
to control these modifications are not trivial and
underscores their importance in the cell cycle.
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