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An enzyme called telomerase handles the addition
of this noncoding sequence to the 3! end. The telom-
erase protein carries a small RNA molecule, part of
which acts as a template for the polymerization of the
telomeric repeat unit. In humans, the RNA sequence

RNA template
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Figure 7-25  Telemere lengthening. (a) Telomerase carries a
short RNA molecule that acts as a template for the addition of
the complementary DNA sequence, which is added one
nucleotide at a time to the 3! end of the double helix. In
humans, the DNA sequence added (often in many repeats) is
TTAGGG. (b) To add another repeat, the telomerase translocates
to the end of the repeat that it just added.

• Before the discovery of the double helix, what was the
experimental evidence that DNA is the genetic
material?

Avery and co-workers demonstrated that D NA is the
chemical component of dead cells capable of trans-
forming living bacteria from nonvirulent to virulent.
H ershey and Chase extended this finding to bacterial
viruses (phage) by showing that bacterial infection fol-
lows the injection of phage D NA, not protein, into
bacterial cells.

• What data were used to deduce the double-helix
model of DNA?

First, the components of DNA and how they formed
single chains were known. Second, it was known from
Chargaff’s rules that (1) the total amount of pyrimidine
nucleotides (T " C) always equals the total amount of

purine nucleotides (A " G) and (2) the amount of T al-
ways equals the amount of A and, similarly, the amount
of G equals the amount of C, but the amount of A " T
does not always equal the amount of G " C. Finally, the
X-ray diffraction patterns of Rosalind Franklin showed
that DNA was organized as a double helix and provided
the dimensions of that helix. Knowledge of Chargaff’s
rules and the dimensions of the double helix were used
by Watson and Crick to determine that A always pairs
with T and G always pairs with C.

• How does the double-helical structure suggest a
mechanism for DNA replication?

The two halves of the double helix must separate and,
because of the specificity of base pairing, they both act
as templates for the polymerization of new strands, thus
forming two identical daughter double helices.

KEY QUESTIONS REVISITED

3!-AATCCC-5! acts as the template for the 5!-
TTAGGG-3! repeat unit by a mechanism shown in Fig-
ure 7-25. Figure 3-16 demonstrates the positions of the
telomeric DNA through a special chromosome-labeling
technique.
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! FIGURE 10.34 Replication of chromosome telomeres. (a) Because of the 
requirement for a free 3 !-OH at the end of the primer strand, DNA polymerases 
cannot replace an RNA primer that initiates DNA synthesis close to or at the 
terminus of the lagging strand. (b) These termini of chromosomes are replicated 
by a special enzyme called telomerase, which prevents the ends of chromosomes 
from becoming shorter during each replication. The nucleotide sequence at the 
terminus of the lagging strand is specified by a short RNA molecule present as 
an essential component of telomerase. The telomere sequence shown is that of 
humans.
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complexes. Thus, at the protein level, nucleosome duplication appears to 
occur by a dispersive mechanism.
 A number of proteins are involved in the disassembly and assembly of nucleo-
somes during chromosome replication in eukaryotes. Two of the most important 
are n ucleosome assembly protein-1  (Nap-1) and chromatin assembly factor-1  
(CAF-1). Nap-1 transports histones from their site of synthesis in the cytoplasm 
to the nucleus, and CAF-1 carries them to the chromosomal sites of nucleosome 
assembly (! Figure 10.33b). CAF-1 delivers histones to the sites of DNA repli-
cation by binding to PNCA (proliferating cell n uclear antigen)—the clamp that 
tethers DNA polymerase " to the DNA template (see Figure 10.32). CAF-1 is an 
essential protein in Drosophila, but not in yeast where other proteins can perform 
some of its functions.
 Many other proteins affect nucleosome structure. Some are involved in 
chromatin remodeling—changing nucleosome structure in ways that activate or 
silence the expression of the genes packaged therein. Others modify nucleosome 
structure by adding methyl or acetyl groups to specific histones. In addition, 

eukaryotes contain several minor histones with structures slightly different 
from the major histones, and the incorporation of these minor histones into 
nucleosomes can change their structure. In Drosophila, for example, the incor-
poration of histone H3.3 into nucleosomes results in high levels of transcrip-
tion of the genes therein. Thus, nucleosome structure is not invariant; to the 
contrary, it plays an important role in modulating gene expression (see On 
the Cutting Edge: Chromatin Remodeling and Gene Expression in Chapter 
11 and the section Chromatin Remodeling in Chapter 19).

TELOMERASE: REPLICATION 
OF CHROMOSOME TERMINI
We discussed the unique structures of telomeres, or chromosome ends, in 
Chapter 9. An early reason for thinking that telomeres must have special 
structures was that DNA polymerases cannot replicate the terminal DNA 
segment of the lagging strand of a linear chromosome. At the end of the 
DNA molecule being replicated discontinuously, there would be no DNA 
strand to provide a free 3!-OH (primer) for polymerization of deoxyribo-
nucleotides after the RNA primer of the terminal Okazaki fragment has 
been excised (! Figure 10.34a). Either (1) the telomere must have a unique 
structure that facilitates its replication or (2) there must be a special enzyme 
that resolves this enigma of replicating the terminus of the lagging strand. 
Indeed, evidence has shown that both are correct. The special structure of 
telomeres provides a neat mechanism for the addition of telomeres by an 
RNA-containing enzyme called telomerase. This unique enzyme was dis-
covered in 1985 by Elizabeth Blackburn and Carol Greider. They shared 
the 2009 Nobel Prize in Physiology or Medicine with Jack Szostak, who, 
along with Blackburn, determined how the unique structures of telomeres 
protected them from degradation.
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q Conjunto de cromossomos: cariótipo

q Cariótipo Humano

q 22 pares - Autossômos

q 1 par - Cromossomos sexuais

Cromossomo



Cariótipo Humano

Cariótipo feminino: 46, XX Masculino: 46, XY 

Ø Diplóide

Ø 2n cromossomos

Ø 22 pares cromossomos autossômicos

Ø 1 par cromossomos sexuais



Instabilidade numérica

Chromosomal instability (CIN)
Numerical instability

DNA endoreduplication polyploidy

Defects in chromosome segregation and cytokinetic proteins

Ciclo celular

Endoreplicação Poliploidia
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Chromosomal instability (CIN)
Numerical instability

tetrapolar mitosis centrosome
amplification

Centrosomes act as poles of the mitotic spindle apparatus to
regulate its assembly and function. Defects in the number, structure,
and function of centrosomes are associated with many human
tumors.

Instabilidade numéricaCentrômero

§ Centrômero: alterações no número, estrutura ou função

§ Câncer



Principal causa

Meiose I

Meiose 
II

Não disjunção

Não
disjunção

Gametas

Número de cromossomos

(a)Não disjunção dos cromossomos homólogos (b) Não disjunção das cromátides irmãs
Meiose I Meiose II

q Não disjunção meiótica (I ou II)



Anomalias cromossômicas

Ø Numéricas

Ø Euploidias e aneuploidias

Ø Estruturais

Ø Deleções, inserções, translocações, inversões



Numéricas - Euploidias

Triploidia: 69, XXX

Ø 1. Monoploidia: n cromossomos

Ø 2. Diploidia: 2n cromossomos

Ø 3. Triploidia: 3n cromossomos

Ø 4. Poliploidia: mais de dois conjuntos



Numéricas - Aneuploidias

¤ Aneuploidias
¤ São alterações que envolvem um ou mais
cromossomos de cada par, dando origem a múltiplos
não exatos do numero haplóide característico da
espécie.

q Trissomias – Ex. Trissomia do cromossomo 21

q Monossomias



Trissomias – Síndrome de Down

q SÍNDROME DE DOWN

q Trissomia do cromossomo 21

Trissomia: 47, XY + 21



Aberrações estruturais

q Rearranjos balanceados
q Translocação
q Inversão

q Rearranjos não balanceados
q Deleção terminal e intersticial
q Duplicação
q Isocromossomo
q Dicêntrico
q Anel
q Marcador



Rearranjos comossômicos

Ø Inversões: paracêntricas 
ou  pericêntricas

Ø Deleção: terminal ou 
intersticial

Ø Translocação: 
balanceada e não 
balanceada

Ø Duplicação

inversão

Paracêntrica

Pericêntrica

Centrômero

Quebra Reinserção  
da região 
quebrada

Reinserção 
da região 
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Rearranjos comossômicos

Ø Inversões: paracêntricas 
ou  pericêntricas

Ø Deleção: terminal ou 
intersticial

Ø Translocação: 
balanceada e não 
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Ø Duplicação

Região
deletada

Região de 
quebra



Rearranjos comossômicos

Ø Inversões: Paracêntricas 
ou  Pericêntricas

Ø Deleção: Terminal ou 
Intersticial

Ø Translocação: 
balanceada e não 
balanceada

Ø Duplicação

Cromossomo B 

Translocação balanceadaCromossomo A



Citogenética
q 1882 – Walther Flemming 

q Kroma: cor        Soma: corpo

q 1956 – Citogenética humana
q Número de cromossomos humanos

q 1959 – Síndrome de Down

q Estrutura dos cromossomos
q 1960 – Cromossomo Filadélfia

q Leucemia mielóide crônica



Análise do cariótipo - Bandeamento 

q Bandeamento G (Giemsa)

q Bandeamento Q

q Bandeamento R

q Bandeamento C

q Bandeamento NOR

q Bandeamento alta resolução 

Vantagens

Desvantagens

Convencional Bandeamento



Cariotipagem espectral - SKY

¤ Sondas fluorescentes



FISH – Fluorescent in situ hybridization

Metáfases Núcleo interfásico



CGH – Comparative Genomic Hybridization

DNA - Controle

Hibridação genômica comparativa

DNA - Teste



CGH – Comparative Genomic Hybridization

DNA - Controle

DNA - Teste

Hibridação genômica comparativa
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