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Proteins

Amino Acids

The peptide bond
Properties

A peptide bond is a covalent bond formed between two molecules when the
carboxyl group of one molecule reacts with the amino group of the other
molecule, causing the release of a molecule of water (H2O).

Polypeptides and proteins are chains of amino acids held together by
peptide bonds.

The peptide bond
The peptide bond is planar

Fixed

Fixed

Only 2 bonds can freely rotate: Cα–N and Cα-C(O)
Adapted from http://oregonstate.edu

Ramachandran plots
Protein structures Φ and Ψ angles fall within allowed regions (displayed in
green and red).

Secondary structure elements are defined by specific pairs of Φ and Ψ
angles:

Image credits: http://www.imb-jena.de/
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Take home message

Proteins
Chains of amino acids held
together by the peptide bond
Configuration
Defined by limited pairs of Φ
and Ψ angles
Role
Fundamental constituents of
the cell

Summary
Protein structural levels

Primary

Secondary

Tertiary

Quaternary

Image credits: http://
iitb.vlab.co.in/

Protein structure relevance
The biochemical function (activity) of a protein is defined by its interactions
with other molecules.
The biological function is in large part a consequence of these interactions.
The 3D structure is more informative than sequence because interactions
are determined by residues that are close in space but are frequently distant
in sequence.

Protein prediction vs protein determination

X-Ray

Threading
Ab-initio

inferred
data

Comparative Modeling

Experimental
data

NMR

Utility of protein structure models, despite errors

D. Baker & A. Sali. Science 294, 93, 2001.

NMR spectroscopy
Nuclear magnetic resonance
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FIGURE 6 Superimposition of the ensemble of lowest energy structures of analogue III. Heavy
backbone atoms of the N- and C-terminal sequences 4 –11, 21–31 were superimposed.

Superimposition of the ensemble of lowest energy structures
Thanks are due to Dr. D. Baù, Department of Organic
involved in a hydrophobic interaction with a compleof
a
peptide.
Chemistry, University of Padova, for preliminary CD and
mentary site in the receptor. This conclusion is consistent with the results of previous work on the effect of
hydrophobic substitution at position 18 on the potency of
PTH antagonists.49 Replacement of residues within the
region 17–19 revealed that replacement of Ser17 with
Gly or Arg leads to loss of activity.50 This could be the
reason for the lack of bioactivity and binding capacity of
analogue V.

NMR measurements.

SUPPORTING INFORMATION
CD spectra of analogues III, IV, and V are shown in

X-RAY crystallography

X-RAY crystallography
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structure
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Nucleic acids
DNA and RNA

Nucleic acids
DNA and RNA

DNA and RNA are polymers made up of repeating units called
nucleotides.
Each nucleotide is composed of a nitrogen-containing nucleobase, a
monosaccharide sugar and a phosphate group.
The nucleotides are joined to one another in a chain by sugarnucleobase covalent bonds.
DNA (Deoxyribonucleic acid) encodes the genetic information.
RNA (Ribonucleic acid) is implicated in various biological roles
including coding, decoding, regulation, and expression of genes.

The nucleotides
DNA

Phosphate group

Nitrogenous base
Guanine (G), Adenine (A), Thymine (T), or Cytosine (C)
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Helix stability
Hydrogen bonds and base-stacking interactions

The two types of base pairs form different numbers of hydrogen bonds
(2 for AT, 3 for GC).
The DNA double helix is maintained largely by the intra-strand base
stacking interactions (GC > AT).

The stability of the dsDNA form depends also on sequence and length.

DNA with high GC-content is more stable than DNA with low GCcontent.

Base pairing
DNA

Base pairing
RNA

Nucleic acids helical structures
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The role of chromatin structure

Activity

Organization

Processes

hormone

Chromatin definition
Chromatin is composed of DNA complexed with histone proteins
and other bio-molecules.
Chromatin formation enables the genome to be hierarchically
packaged or condensed so that it can fit inside the nuclear
space.
The compaction allows to modulate gene transcription, DNA
repair, recombination, and replication.
Chromatin structure is considered highly dynamic.

Chromatin structures

The nuclear organization of DNA
Chromosome

Chromatin fibre

Nucleosome

Adapted from Richard E. Ballermann, 2012

The resolution gap
What do we “really” know?
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The nucleosome & chromatin marks
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Euchromatin and heterochromatin
Chromosoma

Electron microscopy

Fig. 2 Heterochromatin: in need of definition? Historically and from a
cytological point of view, Emil Heitz (see Fig. 1) distinguished hetero
and euchromatin. a Within an exemplary electron microscopy (EM)
picture (left) of a mouse liver cell nucleus (N nucleus, Nu nucleolus,
NE nuclear envelope), heterochromatin appears as electron dense in
contrast to the more open state of euchromatin. b With the recent
advent of high-throughput epigenomics, molecular features (histone
and DNA modifications) have been assigned to particular chromatin
states and are shown in the simplified graphic enlarged in the center. c
The cell cycle dynamics and cytological organization of the very

condensed chromatin structures around the centromeres can be appreciated in the fluorescence light microscopy (LM) pictures (right) of M
phase and interphase cells. FISH-stained mouse metaphase chromosomes and interphase cell with probes against pericentric heterochromatin (black) and DNA counterstaining (gray) are shown. Condensed
pericentric heterochromatin regions from multiple chromosomes cluster together in the interphase cell nucleus forming the so-called “chromocenters.” Cytological and molecular definitions have not yet been
conclusively linked together. Scale bars EM 0.5 μm and LM 2 μm

Euchromatin:
chromatin that is located away from the nuclear lamina, is generally less
densely packed, and contains actively transcribed genes
before more distal genes. Altogether, these experiments
elements (SINEs and LINEs) (Caron et al. 2001). Recently, an
Heterochromatin:
showed that usually active genes get silenced just by being
association study of a set of molecular marks lead to the
in the vicinity of heterochromatin and lead to the development
discrimination of chromatin into five main types
chromatin that further
is
near
the
nuclear
lamina,
tightly condensed, and
of the concept of heterochromatin spreading. A similar effect
(Filion et al. 2010) (Fig. 1, “colorful chromatin”).
was reported in different organisms for genes translocated to
In spite of all the recent progress in this area, the cytotranscriptionally silent
telomeric chromosomal regions and referred to as telomeric
logical and molecular definitions of (hetero)chromatin have
not yet been conclusively and comprehensively linked together. Furthermore, our understanding of the higher order
architecture of chromatin and its functional consequences is
far from satisfactory.

position effect variegation (TPEV) (Gehring et al. 1984; Horn
and Cross 1995; Gottschling et al. 1990). (T)PEV is based on
cis chromosomal effects, i.e., genes are affected by heterochromatin proximity within the same chromosome. Interestingly, recent work in Caenorhabditis indicated that

Complex genome organization

Expression

Gene density

Chromosome size

Takizawa, T., Meaburn, K. J. & Misteli, Cell 135, 9–13 (2008)

Figure 1. Radial Positioning of Genes
(A) Active genes can be anywhere in the nucleus. The radial positions of bi-
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Complex genome organization

chromatin can be distinguished with some certainty, encompassing

Chromatin loops
Gene
enhancers

Gene

Gene
activity

Loops bring distal genomic regions in close proximity to one another.
This in turn can have profound effects on gene transcription.
Enhancers can be thousands of kilobases away from their target genes in
any direction (or even on a separate chromosome).

Main approaches

Figure 2. Main approaches for studying genomic organization. Two of the most used approaches for experimentally determining features of
genome architecture. Light microscopy by fluorescent in situ hybridization (FISH) results in a measured spatial distance (R) (and its distribution in a
population of cells or its time course) as function of the genomic linear distance (s). Cell/molecular biology by chromosome conformation capture
(3C)-based approaches results in an estimation of the average frequency of contacts between parts of the chromatin in a population of cells.
doi:10.1371/journal.pcbi.1002125.g002

The listed experimental approaches are largely complementary
in their advantages and limitations. While light microscopy can only

characterize physical properties of DNA (e.g., [21–26]), but less so
to chromatin fibers and their organization into interphase and

5C technology
http://my5C.umassmed.edu
Job Dekker

Dostie et al. Genome Res (2006) vol. 16 (10) pp. 1299-309

Structure determination using Hi-C data

Biomolecular structure determination
2D-NOESY data

Chromosome structure determination
3C-based data

Interpreting chromatin interaction data
REVIEWS
Nuclear envelope
or lamina

Proteincomplexmediated
interaction

Subnuclear body
or transcription
factory
Direct interaction

Bystander interaction

Baseline (polymer)
interaction

Interaction with same subnuclear
structures

Figure 2 | Processes leading to close spatial proximity of loci. Chromosome conformation capture (3C)-based
technologies capture loci that are in close spatial proximity. Various biologically and structurally
distinct
examples
are
Nature
Reviews
| Genetics
shown in which loci are in close spatial proximity. Analysis and interpretation of 3C data sets need to take these
different scenarios into consideration.

Interpreting chromatin interaction data
Before analysing chromatin interaction data, it is important to consider carefully what 3C-based assays capture

cells are fixed, and the data can be understood only when
Adapted from Dekker et all, (2013) Nat Rev Genetics
genome folding displays enormous cell-to-cell heterogeneity (see REFS 28,29 and below). These considerations
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are a human colon adenocarcinoma cell line)34. b | 4C data from the mouse genome
Adapted from Dekker et all, (2013) Nat Rev Genetics
a from the same region, simulated from data from REF. 112. c | An example of a 5C
ENm009 region in K562 cells (which are a human erythroleukaemia cell line) based

orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic,
transcriptionally active regions.
Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs
can organize in A and B compartments (see REF. 50 for a more extensive discussion).
Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.

Genome Organization

Dekker, J., Marti-Renom, M. A. & Mirny, L. A.Nat Rev Genet (2013)
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Adapted from Dekker et all, (2013) Nat Rev Genetics
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