
DNA AND 

CHROMOSOMES 

Life depends on the ability of cells to store, retrieve, and translate the genetic 
instructions required to make and maintain a living organism. This hererlitm:v 
information is passed on from a cell to its daughter cells at cell division, and 
from one generation of an organism to the next through the organism's repro­
ductive cells. These instructions are stored within every lhfag cell as its genes, 
the information-containing elements that determine the characteristics of a 
species as a whole and of the individuals within it. 

As soon as genetics emerged as a science at the beginning of the twentieth 
century, scientists became intrigued by the chemical structure of genes. The 
information in genes is copied and transmitted from cell to daughter cell millions 
of times during the life of a multicellular organism, and it survives the process 
essentially unchanged. What form of molecule could be capable of such accu­
rate and almost unlimited replication and also be able to direct the development 
of an organism and the daily life of a cell? What kind of instructions does the 
genetic information contain? How are these instructions physically organized so 
that the enormous amount of information required for the development and 
maintenance of even the simplest organism can be contained within the tiny 
space of a cell? 

The answers to some of these questions began to emerge in the 1940s, when 
researchers discovered, from studies in simple fungi, that genetic information 
consists primarily of instructions for making proteins. Proteins are the macro­
molecules that perform most cellular functions: they serve as building blocks for 
cellular structures and form the enzymes that catal ,ze all of the cell's chemical 
reactions (Chapter 3), they regulate gene expression (Chapter 7), and they 
enable cells to move (Chapter 16) and to communicate with each other (Chap­
ter 15). The properties and functions of a cell are determined almost entirely by 
the proteins it is able to make. With hindsight, it is hard to imagine what other 
type of instructions the genetic information could have contained. 
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The other crucia l  advance made in t he 1 940s was the iden tification of 
deoxyribonucleic acid (DNA) as the likely carrier of genetic information. But the 
mechanism whereby t he hereditary informat ion is copied for transmission from 
cell 10 ceH, and how proteins are speci fied by 1he instructions in the DNA, 
remained comple1ely mysterious. Sudden ly, in 1953, the mystery was solved 
when the structure of DNA was determined by James Watson and Francis Crick. 
As mentioned in Cha p ier I, the structure of DNA immediately solved 1he prob­
lem of how the information in this molecu le mighl be copied, or replicated. I I 
al�o provided the fi rsl clues as to how a molecule of DNA m ight encode the 
ins t ructions for making proteins. Today, the fact that DNA is the genetic material 
is so fundamental to biological thought that i t  is difficult to realize what an enor­
mous intellectual gap th i s  discovery filled. 

Well before biologists understood the s 1 ruc1ure of DNA, they had recognized 
that genes are carried on chro111oso111es, which were discovered in the n ineteenth 
century as threadlike s1 r11c1ures in the nucleus of a eucaryotic cell tha1 become 
visible as the cell begi ns to d ivide (Figure 4- 1 ) .  l .a 1 er, as biochemical analysis 
became possible, chrnmosomes were found 10  consist of both DNA anti p rotein. 
We 110w know that the DNA carries the hereditary information of the cell (Figure 
4-2 ) .  In cont rast, 1l1e protein components of chromosomes function largely to
package and control the enormously long DNA molecules so that they fi1 inside
cells and can easily be accessed hy them.

In this chapter we begin by describing the structure of DNA. We see how, 
desp i te i t s  chemical simpl ic ity, the srn1cture and chemical properties of DNA 
make i t  ideal ly suited as the raw material of genes. The genes of every cell on 
Earth are made of DNA, and insights into 1 he rela t ionship between LJNA and 
genes have come from experiments in a \\ode variety of organisms. We then con­
sider how genes and ot her important segments of ONA are arranged on 1hc long 
molecules of DNA t hat are present in chromosomes. Finally, we discuss how 
eucaryo1ic cells fold these long DNA molecules imo compact chromosomes. 
This packing has to be done in an orderly fashion so that the chromosomes can 
be replicated and apportioned correctly between the two daughter cel ls "t each 
cell division. It must also al low access of chromosomal DNA 10 enzymes t hat 
repair i t when it is damaged and to the specialized prote ins that d irect the 
expression of its many genes. 

This is tlie first of four chapters that deal with basic genetic mechanisms­
the ways in which the cell maintains, replicates, expresses, and occasionally 
improves the genetic information carried in its DNA. In the following chapter 
(Chapter 5) we discuss the mechanisms by which the cell accurately repl icates 
and repairs DNA; we also describe how DNA sequences can be rearranged 
through the process of genetic recombination. GL'lll' Pxpression-the process 
through which the  information encoded in DNA is interpreted by the cell to 
guide the synthesis of proteins-is the main topic of Chapter 6. In Chapter 7, we 
describe how gene expression is controlled by the cell to ensure that each of the 
many thousands of proteins encrypted in its DNA is manufactu red only at t he 
proper time and place in the life of the cell. Following these four chapters on 
basic genetic mechanisms, we present an account of the experimental tech­
niques used 10  study these and other processes that are fundamental to al l cells 
(Chapter 8) . 

THE STRUCTURE A N D  FUNCTIO N OF DNA 

Biologists i n  the 1 940s had difficulty i n  accepting DNA as the genetic material 
because of the apparent simplicity of its chemistry. DNA was known 10 be a long 
polymer composed of only four types of subunits, which resemble one another 
chemically. Early in  t he 1950s, DNA was first examined by x- ray diffraction 
analysis, a technique for derermining the 1 h rcc-dimensional a 1omic structure of 
a molecule (discussed in  Chapter 8).  The early x-ray diffract ion results indicated 
that DNA was composed of two strands of the polymer wound into a helix. The 
observation t hat DNA was double-stranded was of crucial significance and 
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Figure 4- 1 Chromosomes in cel ls . 
(A) Two adjacent plant cel ls photographed 

through a light microscope. The DNA has 
been stained with a fluorescent dye 
(DAPI) chat binds to it. The DNA is 
present in chromosomes, which become 
visible as distinct structures in the l ight 
microscope only when they become 
compact structures in preparation for eel 
division. as shown on the leh. The cel l on 
the right, which is not dividing, contains 
identical chromosomes. but they cannot 
be dearly distinguished In the light 
microscope at this phase in the cell's life 
cycle. because they are In a more 
extended conformation. (B) Schematic 
diagram of the outl ines of the two cel ls 
along with their chromosomes. 
(A. courtesy of Peter Shaw.) 
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provided one of the major clues that led to the Watson-Crick structure of DNA. 
Onl) when this model was proposed did LJNA's potential for replication and 
information encoding become apparent. ln this section we examine the s 1 ruc-
1ure of the DNA molecule and explain in general terms how it is able 10  store 
hereditary information. 

A DNA Molecu le Consists of Two Complementary 
Chains of N uc leotides 

A DNA mo lecule consists of two long polynucleo 1 ide chains composed of four 
types of nucleotide subunits. Each of these chains is known as a DNA cha in, or a 
DNA strand. Hydrogen /Jonds between the base portions of the nucleotides hold 
the two chains together (Figure 4-3) .  As we saw in Chapter 2 (Panel 2-6, pp. 1 20-
12 1 ) ,  nucleotides are composed ofa five-carbon sugar to which are anached one 
or more phosphate groups and a nitrogen-containing base. In 1 he case of the 
nucleotides in  D:-JA, the sugar is deoxyribose anached to a single phosphate 
group (hence 1 he name deoxyribonucleic acid) ,  and I he base may be either ade­
nine (A), 1y1osine (CJ, guanine (G), or 1 i lymine (T). '[ he nucleo 1 i ,les are covalent ­
ly linked together in a chain t h rough the sugars and phosphates, which thus 
form a " backbone" of alternating sugar-phosphate-sugar-phosphate (see Fig­
ure 4-3) . Because only the base d i ffers in each of the four types of subunits, each 
polynucleotide chain in DNA is analogous 10 a necklace ( t l1e backbone) st rung 
with four types of beads (the four bases A, C, G, and T). These same symbols (A. 
C, G, and T) are also commonly used 10  denote the four different nucleotides­
that is, the bases with I heir at tached sugar and phosphate groups. 

The way in  which the nucleo l ide  subunits are lined together gives a DNA 
strand a chemical polarity. If we think of each sugar as a block with a protruding 
knob (the 5' phosphate) on one side and a hole (the 3' hydroxyl) on rhe other (see 
Figure 4-3) ,  each completed chain, formed by interlocking knobs with holes, will 
have all of its subunits l i ned up in the same orientation. Moreover, the two ends 
of the chain will be easily distinguishable, as one has a hole (the 3' hydroxyl) and 
the other a knob (the 5' phosphate) at its terminus. This polarity in a DNA chain 
is indicated by referring to one end as the 3' end and the other as the 5' end.

The three-dimensional s1ruc1Ure of DNA-the double helix-arises from 
the chemical and structural features of its two polynucleo1ide chains. Because 
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Figure 4-2 Experimental 
demonstration that DNA is the 
genetic material. These experiments, 
carried out in the 1 940s, showed that 
adding purified DNA to a bacterium 
changed its properties and that this 
change was faithfully passed on to 
subsequent generations. Two closely 
related strains of the bacterium 
Streptococcus pneumoniae differ from each 
other in both their appearance under the 
microscope and their pathogenicity. One 
strain appears smooth (S) and causes 
death when injected into mice, and the 
other appears rough (R) and is nonlethal. 
(A) This experiment shows that a 
substance present in the S strain can 
change (or transform) the R strain Into 
the S stroin and that this change Is
inherited by subsequent generations of 
b:,cteri:i . (B) This experiment, in which the 
R Hrain has been incubated with various
classes of biological molecules obtained
from the S strain, identifies the substance
as DNA.
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these two chains are held together by hyurogen bonuing between the bases on 
the different strands, all the bases are on the inside of the double helix, and the 
sugar-phosphate backbones are on the outside (see Figure 4-3). In each case, a 
bulkier two-ring base (a purine; see Panel 2-6, pp. 120-121) is paired with a sin­
gle-ring base (a pyrimidine); A always pairs with T, and G with C (Figure 4-4). 
This comple111e111ary base-pairing enabies the base pairs to be packed in the 
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Figure 4-3 DNA and its building 
blocks. DNA is made of four types of 
nucleotides, which are linked covalently 
into a polynucleotide chain (a DNA 
strand) with a sugar-phosphate backbone 
from which the bases (A. C, G, and T) 
extend.A DNA molecule is composed of 
two DNA strands held together by 
hydrogen bonds between the paired bases 
The arrowheads at the ends of the DNA 
strands indicate the polarities of the two 
strands, which run anciparallel to each 
other in the DNA molecule. In the 
diagram at the bottom left of the figure, 
the ONA molecule is shown straightened 
out; in reality, it is twisted Into a double 
helix, as shown on the right. For details, 
see Figure 4-5. 

Figure 4-4 Complementary base 
pairs in the DNA double helix. The 
shapes and chemical structure of the 
bases allow hydrogen bonds to form 
efficiently only between A and T and 
between G and C, where atoms that are 
able to form hydrogen bonds (see Panel 
2-3. pp. 114-1 I 5) can be brought close 
together without distorting the double 
helix. As indicated, two hydrogen bonds 
form between A andT. while three form 
between G and C. The bases can pair in 
this way only 1f the two polynucleotide 
chains that contain them are antiparallel 
to each other. 
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energetically most favorable arrangement in the interior of the double helix. In 
this arrangement, each base pair is of similar width, thus holding the sugar­
phosphate backbones an equal distance apan along the DNA molecule. To max­
imize the efficiency of base-pair packing, the 1wo sugar-phosphate backbones 
wind around each other to form a double helix, with one complete turn every 
ten base pairs (Figure 4-5). 

The members of each base pair can fit 10ge1her within the double helix only 
if the two strands ofthe helix are antlparallel-1 hat is, only if the polarity of one 
str-dlld is oriented opposite to that of the other strand (see Figures 4-3 and 4-4). 
A consequence of these base-pairing requirements is that each slrand of a DNA 
molecule contains a sequence of nucleotides that is exactly complementary to 
the nucleotiue sequence of its partner s1rand. 

The Structure of DNA Provides a Mechanism for Heredity 

Genes carry biological information that must be copied accurately for transmis­
sion to the next generation each time a cell divides to form two daughter cells. 
Two central biological questions arise from these requirements: how can the 
information for specifying an organism be carried in chemical form, and how is 
it accurately copied? The discovery of the structure of the DNA double helix was 
a landmark in twentieth-century biology because it immediately suggested 
answers to both questions, thereby resolving at the molecular level the problem 
of heredity. We discuss briefly the answers to these questions in this section, and 
we shall examine them in more detail in subsequent chapters. 

DNA encodes information through the order, or sequence, of the 
nucleotides along each strand. Each base-A, C, T, or G-can be considered as a 
letter in a four-letter alphabet that spells out biological messages in the chemi­
cal structure of the DNA. As we saw in Chapter I, organisms differ from one 
another because their respective DNA molecules have different nucleotide 
sequences and, consequently, carry different biological messages. But how is the 
nucleotide alphabet used to make messages, and what do they spell out? 

As discussed above, it was known well before the structure of DNA was 
determined that genes contain the instructions for producing proteins. The 
DNA messages must therefore somehow encode proteins (Figure <Hl). This rela­
tionship immediately makes the problem easier to understand, because of the 
chemical character of proteins. As discussed in Chapter 3, the properties of a 
protein, which are responsible for its biological function, are determined by its 
three-dimensional structure, and its structure is determined in turn by the linear 
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Figure 4-S The DNA double helix. 
(A) A space-filling model of 1.5 turns of 
the DNA double helix. Each turn of DNA 
is made up of I 0.4 nucleotide pal rs and 
the center-to-center distance between 
adjacent nucleotide pairs is 3.4 nm. The 
coiling of the two strands around each 
other creates two grooves in the double 
helix.As indicated in the figure, the wider 
groove is called the major groove. and the 
smaller the minor groove. (B) A short 
section of the double helix viewed from 
itS side, showing four bnse pairs. The 
nucleotides are linked together covalently 
by phosphodlester bonds through the 
3' -hydroxyl (-OH) group of one sugar and 
the S' -phosphate (P) of the next. Thus, 
each polynucleot1de strand has a c.hemical 
polarity: that is. its two ends are 
chemically different. The 3' end carries an 
unlinked -OH group attached to the 3' 
position on the sugar ring; the S' end 
carries a free phosphate group attached to 
the S' position on the sugar ring, 
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Figure 4-6 The relation�hip between 
genetic Information carried in ONA 
and proteins. 
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Figure 4-7 The nucleotide sequence of the human �-globin gene. 
This gene carries the information for the amino acid sequence of one of the 
two types of subun its of the hemoglobin molecule, which carries oxygen in 
the blood. A different gene, the a-globin gene, carries the information for 
the other type of hemoglobin subunit (a hemoglobin molecule has four 
subunits, two of each type). Only one of the two strands of the DNA double 
hel ix conta ining the �-gtobin gene i s shown; the other strand has the exact 
complementary sequence. By convention, a nucleotide sequence is written 
from its 5' end to its 3' end, and it should be read from left to right in 
success ive Jines down the page as though it were normal Engllsh text. The 
DNA sequences highlighted in yellow show the three regions of the gene that 
specify the amino sequence for the �-glob in protein. We see in Chapter 6 
how the cel l connecu these three sequences together to synthesize a 
full-length �-globin protein. 

sequence of the amino acids of which it is composed. The linear sequence of 
nucleotides in  a gene must therefore somehow spell out the linear sequence of 
amino acids in a protein. The exact correspondence between the four- letter 
nucleot ide alphabet of DNA and t l te twen ty- le t ter amino acid alphabet of pro­
teins-the genetic code-is not obvious from the DNA structure. and it took over 
a decade after the discovery ol the double helix before it was worked 0111. In 
Chapter 6 we describe this code in detail in the course of elabora t ing  the pro­
cess, known as gene expression, th rough which a cell translates rite nucleotide 
sequence of a gene into the amino acid sequence of a protein. 

The complete set of informat ion in an organism's DNA is called its genome, 
and it carries the informat ion for all the proteins the organism will ever synthe­
size. (The term genome is also used 10 describe the DNA that carries this infor­
mat ion.) The amount of information contained in genomes is staggering: for 
example, a t yp ical human cell contains 2 meters of DNA. Writ ten ou t  in the four­
letter nucleotide alphabet , the nucleotide sequence of a very small human gene 
occupies a quarter ofa page of text (Figure 4-7) , while the complete sequence of 
nucleot ides in the human genome would fill more than a t housand books the 
size of this one. In addition to other cr it ical information,  it carries the instruc­
t ions for about 30,000 distinct proteins. 

At each cell division, the cell must copy its genome to pass it to both daugh­
ter cells. The discovery of the structure of DNA also revealed the principle that 
makes t his copying possible: because each strand of DNA contains a sequence 
of nucleotides that is exactly complementary to the nucleot ide sequence of its 
par tner  strand, each strand can act as a template, or mold, for the synthesis of a 
new complementary st rand. ln other words, if we designate the two DNA 
strands as S and S' , strand S can serve as a template for making a new strand S', 
while st rand S' can serve as a template for making a new st rand S (Figure 4-8). 

template S strand 
� y 

S strand / 3, ................... ...___� .......... .. 
s·c:;-.;�;��:;:�:;:=:;:;::;;:�:;:::;::;:::;::�:;::;;: new S' strand 

parent ONA doublti helix 

template s· strand 

Figure 4-8 ONA as a template for its own dupl ication. As the 
nucleotide A successfully pairs only with T, and G with C, each strand of 
DNA can specify the sequence of nucleotides in its complementary strand. 
In this way, double-he l ical DNA can be copied precisely. 
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CCCTGTGGAGCCACACCCTAGGGTTGGCCA 
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG 
CCAGGGCTGGGCATAAAAGTCAGGGCAGA,._ 
CCATCTATTGCTTACATTTGCTTCTGACA,.., 
AACTGTGTTCACTAGCMCTCAAACAGACA 
CCATGGTGCACCTGACTCCTGAGGAGAAG. 
CTGCCGTTACTGCCCTGTGGGGCMGGTG; 
ACGTGGATGMGTTGGTGGTGAGGCCCTG,.. 
GCAGGTTGGTATCAAGGTTACAAGACAGG: 
TTAAGGAGACCAATAGAAACTGGGCATG'.:'G 
GAGACAGAGAAGACTCTTGGGTTTCTGA:-.: 
GGCACTGACTCTCTCTGCCTATTGGTCTAT 
TTTCCCACCCTTAGGCTGCTGGTGGTCTA 
CC'!'TGGACCCAGAGGTTCTTTGAGTCCT'r 
GGGGATCTGTC:CACTCCTGATGCTGTTAT 
GGCMCCCTA,'\C(;TGAAGGCTCATGGCAA 
AAAGTGCTCGGTGCCTTTAGTGATGGCCT1.1 
GC':'CACCTGGACAACCTCAAGGGCACCTT 
GCCACA.CTGAGTGAGCTGCACTGiG/1.CM 
C7GCACGTGGATCC�GAGAACTTCAGGCtr. 
AGTCTATGGGACCrTTGATGTTTTCTTTCC 
CCTTCTT'i'TC'; ATGGTT AAGTTCATGTCA 
AGGAAGGGGAGMGTMCAGGGTACAGTT­
AGM TGGGAAACAGACGMTGATTGC.�TCI 
GTGTC,GMGTCTCAGGATCGTTTTAGTTT, 
TTTTATTTGCTGTTCATMCAATTGTTTT 
Tl'TTGTTTAATTCT';GC'l'l'TCTTTTTTTTT 
CTTCTCCGCMTTTTTACTATTATACTTM 
TGCCTTMCATTGTGTATAACAAAAGGAAA 
TATCTCTGAGATA.CATTAAGTAACTTAWI/" 
,WI.AACTTTACACAGTCTGCCTAGTACATT 
IICTATTTGGMTATATGTGTGCTTATTTG' 
ATATTCATAATC�CCCTACTTTATTTTC1 
TTATTT':'TAA"!'TGATACATMTCATTA1'A 
r.. ·; A"i'':-. ATGGGTTAMGTGTAATGT'i'TTAJ 
7ATGTGTACACA7AT':'GACCAAATCAGGGT 
AA'l'TTTGCATTTGTAATTTTAAAAAA TGC � 
TTC':'TCTTTTAATATACTTTTTTGTTTAT 
TTATTTCTAATACTTTCCCTAATCTCTTT,.. 
TTTCAGGGCAATAATGATACAATGTATCAI 
GCCTCTTTGCACCATTCTAAAGAATAACA 
TGATAAT7:-C7GGGTTAAGGCAATAGCAAI 
ATTTCTGCA':'ATAAATATTTCTGCATATM 
ATTGTAAC".:GATGTAAGAGGTTTCATATTG 
CTAATAGCAGCTACAATCCAGCTACCAT':' 
TGCT1TTA:'T�TATGGTTGGGATAAGGCT 
GA"'TATTCTGAGTCCAAGCTAGGCCCTTT'l 
GCTAA':'CATGTTCATACCTCTTATCTTCC1 
CCCACAGCTCCTGGGCMCGTGCTGGTCTG 
:·GTGCTGGCCCATCACTTTGGCAAAGMTT 
CACCCCACCAG!'GCAGGCTGCCTATCAGM 
AGTGGTC-GCTGGTGTGGC'iAATGCCCTGGC 
:X:ACAAG7A':'CACTAAGCTGCTTTCTTGC 
TGTCCAA777CTATTAAAGGTTCCTTTGTT 
CCC':'AAGTCCAACTACTAAACTGGGGGATA 
T"!'A':'GAAGGGCCTTGAGCATCTGGATTCT\, 
CC':'M':'MAAAACATTTATTTTCATTGCAA 
TGA:'G':'ATTTMATTATTTCTGMtATTT� 
AC'r'AAAAAGGGAATGTOOGAGGTCAGTGCA 
TTTl>AAACATAAAG;,.;,.J,.TGA�GAGCTGTTC 
AAACCTTGGGAAAATAC"A..:TATATCTTAAA 
CTCCATGAAAGMGGTGAGGCTGCMCCAG 
cc AA 7GCACA �TGGCMrAGCCCCTGATGr 
C:'A'l""GCC-:'7A7TCATCCC':'CAGAAN\GGAT 
TCTTGT AGAGGCTTGAT'MGCAGGTT /\MG 
TTTTGCTATGC7GTA7TTTACATTACTTAT 
7CiTTTTAGCTGTCCTCATr.M'!'GTCTTTTC 
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Thus, the genetic information in DNA can be accurately copied by the beautifully 
simple process in which strand S separates from strand S', and each separated 
suand then serves as a template for the production of a new complementary 
partner strand that is identical 10 its former partner. 

The abil i ty of each strand or a DNA molecule to act as a template for pro­
ducing a complementary s t rand enables a cell to copy, or replicaw, its genes 
before passing them on to its descendants. In  the next chapter we descrihe the 
elegant machinery the cell uses to perform this enormous task. 

In  Eucaryotes, DNA Is  Enc losed in  a Ce l l  Nuc leus  
Nearly a l l  t he  DNA in a eucaryotic cell is sequestered in  a nucleus, which occu­
pies ahout I 0% of the total cell volume. This compartment is delimited hy a 
nuclear envelope formed by two concentric l ipid bilayer membranes that are 
punctured at i n tervals by large nuclear pores, which transport molecules 
between the nucleus and the cvtosol .  The nuclear envelope is directly connected 
to the extensive membranes Of the endoplasmic reticulum. It is ml�chanically 
supported by two networks of intermediate filaments: one, called the nuclear 

lamina, for�s a thin sheetlike meshwork i nside the nucleus, just benea th  the 
inner nuclear membrane; the other surrounds the outer nuclear membrane and 
is less regularly organized (Figure 4-9) . 

The nuclear envelope allows the many proteins that act on DNA to be con­
centrated where they are needed in the cell, and, as we see in subsequen t chap­
ters, it also keeps nuclear and cytosolic enzymes separate, a feature that is crucial 
for the proper funct ioning of eucaryotic cells. Compartmentalization, of which 
the nucleus is an example, is an important principle of biology; i t serves to 
establish an environment in wh ich biochemical reactions are facilitated by the 
high concentrat ion of both substrates and the enzymes that act on t hem. 

Summary 
Genetic il lformation is carrietl in 1l1e linear sequence of 1 1 ucJeolidf!s iu DNA. Each 
molecule of DNA is n double l1e/ix formed from two complemenfllry strands of 
nucleotides held together by hydrogen bonds between G-C and A-T base pairs. 
Duplication of1l1ege11etic infor111alio11 occurs /.Jy rite use of one DNA strand ns a tem­
plate for for111ntio11 of a comJ}leme11 tnry strand. The genetic i11formntio11 stored iu 
<m organism's DNA contains tl,e ins1mctio11s for nil the prorei11s the organ ism will 
e11er sy111J,esize. /11 eucaryotes, DNA i.s co11tni11ed in the cell nucleus. 

THE STRUCTURE AND FUNCTION OF DNA 

Figure 4-9 A cross-sectional view of 
a typical cell nucleus. The nuclear 
envelope consists of two membranes, the 
outer one being continuous with the 
endoplasmic reticu!um membrane (see 
also Figure 1 2-9). The space inside the 
endoplasmic reticulum (the ER lumen) is 
colored yellow; it is continuous with the 
space between the two nuclear 
membranes. The lipid bilayers of the inner 
and outer nuclear membranes are 
connected at each nuclear pore. Two 
necworks of intermediate filaments (rreen) 

provide mechanical support for the 
nuclear envelope; the intermediate 
filaments inside the nucleus form a special 
supporting structure called the nuclear 
lamina. 
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CHROMOSOMAL DNA AND ITS PACKAGING 

IN THE CHROMATIN FIBER 

The most important function of DNA is to carry genes, the information that 
specifies all the proteins that make up an organism-including information 
about when, in what types of cells, and in what quantity each protein is to be 
made. The genomes of eucaryotes are divided up into chromosomes, and in this 
section we see how genes are typically arranged on each chromosome. In addi­
tion, we describe the specialized DNA sequet1ces that allow a chromosome to be 
accurately duplicated and passed on from one generation to the next. 

We also confront the serious challenge of DNA packaging. Each human cell 
contains approximately 2 meters of DNA if stretched end-to-end; yet the nucleus 
of a human cell, which contains the DNA, is only about 6 µmin diameter. This is 
geometrically equivalent to packing 40 km (24 miles) of extremely fine thread 
into a tennis ball! The complex task of packaging DNA is accomplished hy spe• 
cialized proteins that bind to and fold the DNA, generating a series of coils and 
loops that provide increasingly higher levels of organization, preventing the 
DNA from becoming an unmanageable tangle. Amazingly, although the DNA is 
very tightly folded, it is compacted in a way that allows it to easily become avail· 
able to the many enzymes in the cell that replicate it, repair it, and use its genes 
to produce proteins. 

Eucaryotic DNA Is Packaged into a Set of Chromosomes 

In eucaryotes, the DNA in the nucleus is divided between a set of different 
chromosomes. For example, the human genome-approximately 3.2 x 109 

nucleotides-is distributed over 24 different chromosomes. Each chromosome 
consists of a single, enormousli long linear DNA molecule associated with pro• 
reins that fold and pack the fine DNA thread into a more compact structure. The 
complex or DNA and protein is called chro111fJli11 (from the Greek chroma, "col• 
ored," because of its staining properties). In addition to the proteins involved in 
packaging the DNA, chromosomes are also associated with many proteins 
required for the processes of gene expression, DNA replication, and DNA repair. 

Bacteria carry their genes on a single DNA molecule, which is usually cir­
cular (see Figure 1-30). This DNA is associated with proteins that package and 
condense the DNA, but they are different from the proteins that perform these 
functions in eucaryotes. Although often called the bacterial "chromosome," it 
does not have the same structure as eucaryotic chromosomes, and less is known 
about how the bacterial DNA is packaged. Even less is known about how DNA is 
compacted in archaea. Therefore, our discussion of chromosome structure will 
focus almost entirely on eucaryotic chromosomes. 

With the exception of the germ cells, and a few highly specialized cell types 
that cannot multiply and lack DNA altogether (for example, red blood cells), 
each human cell contains two copies of each chromosome, one inherited from 
the mother and one from the father. I he maternal and paternal chromosomes 
of a pair are called homologous chromosomes (homologs). The only nonho­
mologous chromosome pairs are the sex chromosomes in males, where a Y ch ro­
mosome is inherited from the father and an X chromosome from the mother. 
Thus, each human cell contains a total of 46 chromosomes-22 pairs common 
to both males and females, plus two so-called sex chromosomes (X and Y in 
males, two Xs in females). DNA hybridization (described in detail in Chapter 8) 
can be used to distinguish these human chromosomes by "painting" each one a 
different color (Figure 4-10). Chromosome painting is typically done at the stage 
in the cell cycle when chromosomes are especially compacted and easy 10 visu• 
alize (mitosis, see below). 

Another more traditional way to distinguish one cltromosome from another 
is 10 stain tl1em with dyes that produce a striking and reliable pattern of bands 
along each mitotic chromosome (Figure 4-11). The structural bases for these 
banding patterns are not well understood, and we return to this issue at the end 
of the chapter. Nevertheless, the pattern of bands on each type of chromosome 
is unique, allO\ving each chromosome to be identified and numbered. 
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The display of the 46 human chromosomes at mitosis is called the human 
karyotype. If parts of chromosomes are lost, or switched between chromo· 
somes, these changes can be detected hy changes in the banding patterns or by 
changes in the pattern of chromosome painting (Figure 4-12). Cytogeneticists 
use these alterations to detect chromosome abnormalities that are associated 
with inherited defects or \\ith certain types of cancer that arise through the 
rearrangement of chromosomes in somatic cells. 

CHROMOSOMAL DNA AND ITS PACKAGING IN THE CHROMATIN FIBER 

Figur-e 4-10 Human chromosomes. 
These chromosomes, from a male, were 
isolated from a cell undergoing nuclear 
division (mitosis) and are therefore highly 
compacted. Each chromosome has been 
"painted" a different color to permit iu 
unambiguous identification under the light 
microscope. Chromosome painting is 
performed by exposing the chromosomes 
to a collection of human DNA molecules 
that have been coupled to a combination 
of fluorescent dyes. For example, DNA 
molecules. derived from chromosome I 
arc labeled with one specific dye 
combination, those from chromosome 2 
with another, and so on. Because the 
labeled ONA can form base pairs, or 
hybridize, only to the chromosome from 
which It was derived (discussed in 
Chapter 8), each chromosome is 
differently labeled. For such experiments, 
the chromosomes are subjected to 
treatments that separate the double• 
helical DNA into Individual strands, 
designed to permit base-pairing with the 
single-stranded labeled DNA while 
keeping the chromosome structure 
relatively 1nuci. (A) The chromosomes 
visualized as they originally spilled from 
the lysed cell. (B) The same chromosomes 
artificially lined up in their numerical 
order. This arrangement of the full 
chromosome set is called a karyotype. 
(From E. Schrock et al., Science 

273:494->197, 1996. @AAAS.) 

Figure 4-11 The banding patterns of 
human chromosomes. Chromosomes 
1-22 are numbered in approximate order 
of size. A typical human somatic (non­
germ line) cell contains two of each of 
these chromosomes, plus two sex 
chromosomes-two X chromosomes in a 
female, one X and one Y chromosome 
in a male. The chromosomes used to make 
these maps were stained at an early stage 
in mitosis, when the chromosomes are 
incompletely compacted.The horizontal 
green line represents the position of the 
centromere (see Figure 4-22), which 
appears as a constriction on mitotic 
chromosomes; the knobs on 
chromosomes 13, 14, IS. 21. and 22 
1nd1cate the positions of genes that code 
for the large ribosomal RNAs (discussed 
in Chapter 6). These patterns are obtained 
by staining chromosomes with Giemsa 
stain. and they can be observed under the 
!1ght microscope. (Adapted from 
U. Franke. CytogeneL Cell Genet. 
31:24-32, 1981.) 
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Chromosomes Contain Long Strings of Genes 

The most important func t ion of chromosomes is to carry genes-the functional 
units of heredity. A gene is usually defined as a segment of DNA that contains the 
instructions for making a particular protein (or a set of closely related proteins). 
Although this definition holds for the majority of genes, several percent of genes 
produce an RNA molecule, instead of a protein, as their final product. Like pro­
teins, these RNA molecules perform a diverse set of structural and catalytic 
functions in the cel l ,  and we discuss them in detail in subsequent chapters. 

• As might be expected, a correlation exists between the complexity of an 
organism and the number of genes in its genome (see Table J-1 ) .  For example, 
total gene numbers range from less than 500 for simple bacteria to about 30,000 
for humans. Bacteria and some single-celled eucaryotes have especially com­
pact genomes; the complete nucleotide sequence of their genomes reveals that 
the DNA molecules that make up t heir chromosomes are little more than strings 
of closely packed genes (Figure 4- 13 ;  see also Figure 1-30) . l lowever, chromo­
somes from many eucaryotes (including humans) contain, in addi t ion to genes, 
a large excess of interspersed DNA that does not seem to carry crit ical informa­
t ion .  Some t i mes calletl j u n k  DNA to signify that its usefulness to the cell has not 
been demonstrated, the particular nucleotide sequence of this DNA may not be 
important; but the DNA i tself, by acting as spacer material, may be crucial for 
the long-term evo l ution of the species and for the proper expression of genes. 
These issues are taken up in tletail in Chapter 7. 

In general, the more complex the organism, the larger its genome, but 
because of differences in t h e  amoullt of e,cess DNA, t h e  relat ionship is not sys­
tematic (see Figure 1 -38) . For example, the human genome is 200 t i mes larger 
than that of the yeast S. cereuisiae, but 30 times smaller than that of some plants 
and amphibians and 200 t imes smaller than a species of amoeba. Moreover, 
because of differences in the amount of excess DNA, the genomes of simi lar 
organisms (bony fish , for exam ple) can vary several hundredfold in their DNA 
content, even though they contain roughly the same number of genes. Whatever 
the excess DNA may do, it seems clear that it is not a great handicap for a h igher 
eucaryotic cell to carry a large amount of it. 

The apportionment of the genome over chromosomes also differs from one 
eucaryotic species to the next. For example, compared with 46 for humans, 
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Figure 4- 1 2  An aberrant human 

chromosome. (A} Two pairs of 

chromosomes, stained with Giemsa (see 
Figure 4- 1 1 ), from a patient with ataXia. a 
disease characterized by progressive 
deterioration of motor skills. The patient 
has a normal pair of chromosome 4s (/e�­
hand pair), but one normal chromosome 
1 2  and one aberrant chromosome 1 2, as 
seen by its greater length (right�ond pain 

The additional material contained on the 
aberrant chromosome 12 was deduced, 
from its pattern of bands, as a piece of 
chromosome ◄ that had become attached 
to chromosome 12 through an abnormal 
recombination event. called a 
chromosomal translocation. {B) The sarr1 e 
two chromosome pairs, "painted'' blue 

for chromosome 4 DNA and purple for 
chromosome 1 2  ONA. The two 
techniques give rise to the same 
conclusion reprding the nature of the 
aberrant chromosome 1 2, but 
chromosome painting provides better 
resolution. and the clear identification of 
even short pieces of chromosomes that 
hnve become tramilocated. However. 
Giemsa staining is easier to perform. 
(From E Schrock et al .. Science 
273:494-497, 1 996. © AAAS.) 
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F igure 4- 1 3  The genome of S. cerevlsloe (budding yeast). {A) The genome is distributed over 
16 chromosomes, and its complete nucleotide sequence was determined by a coopenltive effort involving 
scientists working in many different locations, as ind icated (gray, Canada: orange, European Union: yellow, 

United Kingdom; blue, Japan: /Jg/Jt gre,n. St Louis, Missouri : dork green, Stanford. California). The constriction 
present on each chromosome represents the position of its centromere (see Figure �22). (B) A small region 
of chromosome 1 1 , highlighted in red in part A, is magnified to show the high density of genes characteristic 
of this species . As indicated by orange, some genes are transcribed from the lower strand (see Figure 1 -5), 
whi le others are transcribed from the upper strand. There are a.bout 6000 genes in the complete genome, 
which is 1 2, 1 ◄7,8 1 3  nucleotide pairs long. 
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F igure 4- 1 4  Two closely related species of deer with very different chromosome numbers. In  the 
evolution of the Indian muntjac. initially separate chromosomes fused. without having a major effect on the 
animal. These cwo species have rough ly the same number of genes. (Adapted from M,W, Strickberger, 
Evolution, 3rd edition, 2000, Sudbu ry, MA: Jones & Bartlett Publ i shers.) 

somatic cells from a species of small deer contain only 6 chromosomes. while 
those from a species of carp contain over I UU. Even closely related species with 
similar genome sizes can have very di fferent numbers and sizes of chromo­
somes (Figure 4-14) .  Thus, there is no simple relationship between chromosome 
number, species complexity, and total genome size. Rather, the genomes and 
chromosomes of modern-day species have each been shaped by a unique his• 
tory of seemingly random genetic events, acted on by selection pressures. 

The Nucleotide  Sequence of the Human Genome Shows 
How Genes Are Arranged i n  Humans 

When the DNA sequence of human chromosome 22 ,  one of  the smallest human 
chromosomes (see Figure 4- 1 1 ) ,  was completed in 1 999, it became possible for 
the first t i me to see exactly how genes are arranged along an entire vertebrate 
chromosome (Figure 4-1 5  and Table 4- 1 ) .  With the publication of the "first draft" 
of the entire human genome in 200 1 ,  the genetic land scape of all human chro­
mosomes suddenly came in to sharp focus. The sheer quantity of information 
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Figure 4- 1 S The or-ganization of 
genes on a human chromosome. 
(A) Chromosome 22. one of the smallest 
human chromosomes. contains ◄8 x I 06 

nucleotide pairs and makes up 
approxirnately 1 .5% of the entire human 
gen ome. Most of the left arm of 
chromosome 22 consists of short 
repeated sequences of D NA that are 
packaged in a particularly compact form of 
chromatin (heterochromatin), which is 
discussed later in  this chapter. 
(B) A tenfold expansion of a portion of 
chromosome 22, with about 40 genes 
indicated. Those in dark brown are known 
genes and those in light brown are 
predicted genes. (C) An expanded portion 
of (B) shows the entire length of several 
genes. (D) The intron-exon arrangement 
of a typical gene is shown after a further 
tenfold expansion. Each exon (red) codes 
for a portion of the prote in ,  while the 
DNA sequence of the introns (gray) is 
relatively unimportant. The entire human 
genome (3.2 x I 09 nucleotide pairs) is 
diStributed over 22 autosomes and 2 sex 
chromosomes (see Figures 4- 1 0  and 
4- 1 1 ) .  The term human genome sequence 
refers to the complete nucleotide 
sequence of DNA in these 
2◄ chromosomes. Being diploid, a human 
somatic cell therefore contains roughly 
twice this amount of DNA. Humans differ 
from one another by an average of one 
nucleotide in  every thousand, and a wide 
variety of hum:ms contributed ONA for 
the genome sequenc ing project. The 
publi shed hum.Jn genome sequence is 
therefore a compos ite of many individual 
sequences (Adapted from International 
Human Genome Sequencing Consortium. 
Notu,e 409:86�92 1 , 200 1 .) 
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provided by the I luman Genome Project is unprecedented in biology (Figure 
4-1 6  and Table 4- 1 ) ;  the human genome is 25 times larger than any other
genome sequenced so far, and is 8 times as large as the sum of all previously
sequenced genomes. At its peak, the Human Genome Project generated raw 
nucleotide sequences at a rate of 1000 nucleotides per second around the clock.
It will be many decades before this information is fully analyzed, but it will con­
tinue to stimulate many new experiments and has already affected the content
of all the chapters i n  this book.

Although there a re many aspects to analyzing the human genome, here we 
simply make a few generalizations regard ing the arrangement of genes in 
hu man chromosomes. The first striking feature of the human genome is how lit­
tle of it (only a few percent) codes for proteins or structural and catalytic RNAs 
(Figure 4-17) . Much of the remaining chromosomal DNA is made up of short, 
mobile pieces of DNA that have gradually inserted themselves in the chromo­
some over evolutionary t ime. We discuss these rra11sposab/e elemems in detail in 
later chapters. 

A second notable feature of the human genome is the large average gene size 
of27,000 nucleotide pa i rs. As discussed above, a typical gene carries in its linear 
sequence of nucleot ides the information for the l inear sequence of the amino 
acids of a protein. Only about 1300 nucleotide pairs are required to encode a 
protein of average size (about 430 amino acids in humans). Most of the remain­
ing DNA in a gene consists of long stretches of noncoding DNA that interrupt the 
relatively short segments of DNA that code for protein. The coding sequences 
are called exo11s; the intervening (noncoding) sequences are cal led i11 rro11s (see 
Figure 4-15  and Table 4-1 ) . 

·1 he majority of human genes thus consist of a long string of alternat ing
cxons and intrans, with most of the gene consisting of intrans. In contrast, the 
majority of genes from organisms with compact genomes lack intrans. This 
accounts for the much smaller size of their genes (about one-twentieth that of 
human genes), as well as for the much higher fraction of coding DNA in  their  
chromosomes. In addition to intrans and exons. each gene is associated with 
regu latory DNA seq11e11ces, which are respons ib le  for ensuring that the gene is 
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F igure 4- 1 6  Scale of the human 
genome, If each nucleotide pair i s  drawn 
as l mm as in (A), then the human 
genome would extend 3200 km 
(approximately 2000 miles). far enough to 
stretch across the center of Africa. the site 
of our human origins (red line in B). At 
thii scale, there would be, on average. a 
protein-coding gene every 300 m. An 
average gene would extend for 30 m. but 
the coding sequences in  this gene woula 
add up to only just over a meter. 

TABLE 4- 1 Vital Statistics of Human Chromosome 22 and the Entire Human Genome 

DNA length 
Number of genes 
Smallest protein-coding gene 
Largest gene 
Mean gene size 

Smallest number of exons per gene 

Largest number of exons per gene 

Mean number of exons per gene 

Smallest exon size 

Largest exon size 

Mean exon size 

Number of pseudogenes,... 

Percentage of DNA sequence in exons 
(protein coding sequences) 

'Percentage of DNA in high-copy 
repetitive elements 

CHROMOSOME 22 

48 x 106 nucleotide pairs• 

approximately 700 
1 000 nucleotide pairs 

583,000 nucleotide pairs 
19,000 nucleotide pairs 
1 

54 
5.4 
8 nucleo t ide pairs 

7600 nucleot ide pairs 

266 nucleotide pairs 

more than 134 
3% 

42% 

HUMAN GENOME 

3.2 X 109 

approximately 30,000 
not analyzed 
2.4 x I 06 nucleotide pairs 

27,000 nucleotide pairs 
1 
178 
8.8 
not analyzed 

17 ,106 nucleot ide pairs 
145 nucleotide pairs 

nm analyzed 
1.5% 

approximately 50% 

Percentage of total human genome 1 .5% 1 00% 
• The nucleotide sequence of 33.8 x 106 nucleotides is known; the rest of the chromosome consists primarily of very short repeated 
sequences that do not code for proteins or RNA. 
.. A pscudogene is a nucleotide sequence of DNA closely resembling that of a functional gene. but containing numerous deletion 
mutations that prevent its proper expression. Most pseudogencs arise from the duplicat ion of a functional gene followed by 1he 
accumulation of damaging mutations in one copy. 
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expressed at the proper level and time, and the proper type of cel l .  ln  humans, 
the regulatory sequences for a typical gene are spread out over tens of I housands 
of nucleotide pairs. As would be expected, these regulatory sequences are more 
compressed in organisms with compact genomes. We discuss in Chap ter 7 how 
regulatory DNA sequences work. 

Finally, the nucleotide sequence of the human genome has revealed that the 
critical information seems to be in an alarming state of disa rray. As one com­
mentato r  described our genome, "In some ways it may resemble your 
garage/bedroom/ refrigerator/ l ife: highly indi,�dualistic, but unkempt ;  l i t t le  evi­
dence of organizat ion: much accumulated cluner (referred to by the un i n i t i ated 
as 'junk' ) ;  virtually nothing ever discarded; and the few patently valuable items 
indiscriminately, apparently carelessly, scattered throughout." 

Comparisons Between the DNAs of Related Organ isms 
Disti ngu i sh  Conserved and N onconserved Regions of 
DNA Sequence 

A major obstacle in interpreting the nucleotide sequences of human chromo­
somes is the fact that much of the sequence is probably unimportan t .  Moreover, 
the coding regions of the genome (the exons) are typically found in short seg­
ments (average size about 1 15 nucleotide pairs) floating in a sea of DNA whose 
exact nucleotide sequence is of little consequence. This arrangement makes it 
very difficult to identify all the exons in a stretch of DNA sequence; even harder 
is the determination of where a gene begins and ends and how many exons i t 
spans. Accurate gene identification requi res approaches that extract i n forma­
tion from the inherently low signal-to-noise ratio of the human genome, and we 
describe some of them in Chapte r 8. Here we discuss the most general approach, 
one that has the potential to identify not only cod ing sequences but also addi­
tional DNA sequences that are important. It is based on the observat ion t hat 
sequences that have a function are conserved during evolution, whereas those 
without a function are free to mutate randomly. The s t rategy is therefore to com­
pare the human sequence wi th that of the corresponding regions of a related 
genome, such as that of the mouse. Humans and mice are thought to have 
diverged from a common mammalian ancestor abou t 1 00 x 106 years ago, which 
is long enough for the majority of nucleotides in their genomes to have been 
changed by random mutational events. Consequently, the only regions that will 
have remained closely similar i n  the two genomes are those in which mutations 
would have impaired function and put the animals carrying them at a d isadvan­
tage, resu l t ing in their elimination from the population by natural select ion. 
Such closely sim ilar regions are known as consemerl regio11s. I n  general , con­
served regions represen t  funct ionally important exons and regula tory 
sequences. In con t rast, 11011co11se1 11erl regions represent DNA whose sequence is 
generally not crit ical for function. By revealing in this way the results of a very 
long natural •·experiment," comparative DNA sequencing studies highlight the 
most in teres t i ng  regions in genomes. 
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Figure 4- 1 7  Representation of the 
nucleotide sequence content of the 
human genome. LINES, SIN ES, 
retrovira l - l ike elements, and DNA-only 
transposons are al l  mobile genetic 
elements that have multiplied in our 
genome by replicating themselves and 
inserting the new copies in different 
positions. Mobile genetic elements are 
discussed in Chapter 5 .  Simple sequence 
repeats are short nucleotide sequences 
(less than 14 nucleotide pairs) that are 
repeated again and again for long 
stretches. Segmental dupl ications are large 
blocks of the genome ( 1 00�200,000 
nucleotide pai rs) that are present at two 
or more locations in the genome. Over 
half of the unique sequence consists of 
genes and the remainder 1s probably 
regulatory DNA. Most of the DNA 
present In heterochromatin. a special ized 
type of chromatin (discussed later in  this 
cht1pter) that contains relatively few genes, 
has not yet been sequenced. (Adapted 
from Unvel l lng the Human Genome, 
Supplement to the Wellcome Trust 
Newsletter. London:Weltcome Trust. 
February 200 I .) 
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Comparative s1udies of this kind have revealed not only 1hat mice and 
humans share mos1 of the same genes, but also that large blocks of 1he mouse 
and human genomes contain these genes in the same order, a feature called 
conserved sy11te11y (Figure 4-18). Conserved synteny can also be revealed by 
chromosome painting, and this technique has been used to reconstruct the evo­
lutionary history of our own chromosomes by comparing them with those from 
other mammals (Figure 4-19). 

Chromosomes Exist in Different States Throughout 
the Life of a Cell 

We have seen how genes are arranged in chromosomes, but to form a functional 
chromosome, a DNA molecule must be able to do more than simply carry genes: 
it must be able to replicate, and the replicated copies must be separated and reli­
ably partitioned into daughter cells at each cell division. This process occurs 
through an ordered series of stages, collectively known as the cell cycle. The cell 
cycle is briefly summarized in Figure 4-20, and discussed in detail in Chapter 17. 
Only two of the stages of the cycle concern us in this chapter. During interphase 
chromosomes are replicated, and during mitosis they become highly condensed 
and then are separated and distributed to the rwo daugh1er nuclei. The high!) 
condensed chromosomes in a dividing cell are known as 111irotic chromosomes. 
This is the form in which chromosomes are most easilv visualized; in fact, all the 
images of chromosomes shown so far in the chapter are of chromosomes in 
mitosis. This condensed state is important in allowing the duplicated chromo­
somes 10 be separated by the mitotic spindle during cell division, as discussed in 
Chapter 18. 

During the portions of the cell cycle when the cell is 1101 dividing, the chro­
mosomes are extended ,tnd much of their chroma1in exists as long, thin tangled 
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Figure 4-18 Conserved synteny 
between the human and mouse 
genomes. Regions from different mouse 
chromosomes (indicated by the colors of 
each mouse in B) show conserved synteny 
(gene order) with the indicated regions o' 
the human genome (A). For example the 
genes present in the upper portion of 
human chromosome I (orange) are 
present in the same order in a portion of 
mouse chromosome 4. Regions of human 
chromosomes that are composed 
primarily of short, repeated sequences are 
shown in block. Mouse centromeres 
(indicated in block in B) are located at the 
ends of chromosomes; no known genes he 
beyond the centromere on any mouse 
chromosome. For the most part, human 
centromeres, indicated by constrictions. 
occupy more internal positions on 
chromosomes (see Figure 4-1 I). 
(Adapted from International Human 
Genome Sequencing Consortium, Nature 

409:860-92 I, 200 I.) 
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Figure 4-19 A proposed evolutionary history of human chromosome 3 and its relatives in other 
mammals. (A) At the lower le� is the order of chromosome 3 segments hypothesized to be present on a 
chromosome of a mammalian ancestor. Along the cop are the patterns of chrom0$Ome sequences found in 
the chromosomes of modern mammals. The minimum changes necessary to account for the appearance of 
the modern chromosomes from the hypothetical ancestor are marked along each branch. In mammals. these 
types of changes in chromosome organiution are thought to occur once every 5-10 x I 06 years. The small 

circles depicted in the modern chromosomes represent the positions of centromeres. (B) Some of the 
chromosome painting experiments that led to the diagram in (A). Each image shows the chromosome most 
closely related to human chromosome 3, painted green by hybridization with different segments of ONA, 
lettered a, b, c, and d along the bottom of the figure. These letters correspond to the colored segments of the 
diagram in (A). (From S. Muller et al., Proc. Natl. Acad. Sci. USA 97:206-21 I, 2000. © National Academy of 
Sciences.) 
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Figure ◄-20 A simplified view of the eucaryotic cell cycle. During interphase. the cell is actively 
expressing its genes and is therefore synthesizing proteins. Also, during interphase and before cell division, the 
DNA is replicated and the chromosomes a.re duplicated. Once ONA replication 1s complete. the cell can 
enter M phase, when mitosis occurs and the nucleus is divided into two daughter nuclei. During this stage, 
the chromosomes condense, the nuclear envelope breaks down, and the mitotic spindle forms from 
microcubules and other proteins. The condensed mitotic chromosomes are captured by the mitotic spindle, 
and one complete set of chromosomes is then pulled to each end of the cell. A nuclear envelope re.forms 
around each chromosome set.and in the final step of M phase, the cell divides to produce two daughter cells. 
Most of the time in the cell cycle is spent in interphase; M phase is brief in comparison. occupying only about 
an hour in miny mammalian cells. 
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threads in the nucleus so that individual chromosomes cannot be easily dis­
tinguished (rigure 4-21). We refer to chromosomes in this extended state as 
interµliase cltro111osomes. 

Each DNA Molecule That Forms a Linear Chromosome Must 
Contain a Centromere. Two Telomeres, and Replication Origins 

A chromosome operates as a distinct structural unit: for a copy to be passed on 
to each daughter cell at division, each chromosome must he able to replicate, 
and the newly replica1,•tl copies must subsequently he separated and parti­
tioned correctly into tl1e two daughter cells. These basic functions are controlled 
by three types of specialized nucleotide sequence in the DNA, each of which 
binds specific proteins that guide the machinery that replicates and segregates 
chromosomes (Figure 4-22). 

Experiments in yeasts, whose chromosomes are relatively small and easy to 
manipulate, have identified the minimal DNA sequence elements responsible 
for each of these functions. One type of nucleotide sequence acts as a DNA 
replication origin, the location at whicl1 duplication of the DJ'\\ begins. J:ucary­
otic chromosomes contain many origins of replication to ensure that the entire 
chromosome can be replicated rapidly, as discussed in detail in Chapter 5. 
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duplicated 
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in separate cells 

Figure 4-21 A comparison of 

extended interphase chromatin 

with the chromatin in a mitotic 
chromosome. (A) An electron 

micrograph showing an enormous tangle 

of chromatin spilling out of a tysed 

interphase nucleus. (B) A scanning electrc:n 
micrograph of a mitotic chromosome: a 

condensed duplicated chromosome in 

which the two new chromosomes are st1U 
linked together (see Figure 4-22). The 

constncted region indicates the position 

of the centromere. Note the difference in 
scales. (A. courtesy of Victoria Foe: 

B. courtesy of Terry D.Allen.) 

Figure 4-22 The three DNA 

sequences required to produce a 

eucaryotic chromosome that can be 

replicated and then segregated at 

mitosis. Each chromosome has multiple 
origins of replication, one centromere, and 

two telomeres. Shown here is the 
sequence of events a typical chromosomL 

follows dunng the cell cycle. The DNA 
replicates in interphase beginning at the 

origins of replication and proceeding 

bidirectionally from the origins across th 

chromosome. In M phase, the centromer 

attaches the duphc,ued chromosomes to 

the mitotic spindle so that one copy 1s 
distributed to each daughter cell during 

mitosis. The centromere also helps to hol� 

the duplicated chromosomes together 

until they are ready to be moved apart. 

The telomeres form special caps at each 

chromosc.me end. 

After replication, the two daughter chromosomes remain attached to one 
another and, as the cell cycle proceeds, are condensed further to produce 
mitotic chromosomes. The presence of a second specialized DNA sequence, 
called a centromere, allows one copy of each duplicated and condensed cluo­
mosome 10 be pulled into each daughter cell when a cell divides. A protein com­
plex called a kinerochore forms at the centromere and attaches the duplicated 
chromosomes to the mitotic spindle, allowing them to be pulled apart (dis­
cussed in Chapter I 8). 

The third specialized DN,·\ sequence forms telomeres, the ends of a chromo­
some. Telomeres contain repeated nucleotide sequences that enable the ends of 
chromosomes to be efficiently replicated. Telomeres also perform another func­
tion: the repeated telomere DNA sequences, together with the regions adjoining 
them, form structures that protect the end of the chromosome from being recog­
nized by the cell as a broken DNA molecule in need of repair. We discuss this type 
of repair and the other features oftelomeres in Chapter 5. 

In yeast cells, the three types of sequences required 10 propagate a chromo­
some are relatively short (typically less than 1000 base pairs each) and therefore 
use only a tiny fraction of the information-carrying capacity of a chromosome. 
Although telomere sequences are fairly simple and short in all eucaryotes, the 
DNA sequences that specify centromeres and replication origins in more com­
plex organisms are much longer than their yeast counterparts. For example, 
experimems suggest tl1at human centromeres may contain up 10 100,000 
nucleotide pairs. It has been proposed that human centromeres may not even 
require" stretch of DNA with a defined nucleotide sequence: instead. they may 
simply create a large, regularly repeating protein-nucleic acid structure. We 
return 10 this issue at the end of the chapter when we discuss in more general 
terms the proteins that, along with DNA. make up chromosomes. 

DNA Molecules Are Highly Condensed in Chromosomes 

All eucaryotic organisms have elaborate w<1ys of packi,ging DNA into chromo­
somes. Recall from earlier in this chapter 1hat human chromosome 22 contains 
about 48 million nucleotide pairs. Stretched out end to end, its DNA would 
extend about 1.5 cm. Yet, when it exists as a mitotic chromosome, chromosome 
22 measures onh about 2 µmin length (see Figures 4-10 and 4-11). giving an 
end-to-end compaction ratio of nearly 10,000-fold. This remarkable feat of com­
pression is performed by proteins that successively coil and fold the DNA into 
higher and higher levels of organization. Although less condensed than mitotic 
chromosomes, the DN \ of interphase chromosomes is still tightly packed, with 
an overall compaction ratio of approximately 1000-fold. In the next sections we 
discuss the specialized proteins that make the compression possible. 

In reading these sections it is important to keep in mind that chromosome 
structure is dynamic. Not only do chromosomes globally condense in accord 
vvith the cell cycle, but different regions of the interphase chromosomes con­
dense and decondense as the cells gain access to specific DNA sequences for 
gene expression, DN,\ repair, and replication. The packaging of chromosomes 
must therefore be accomplished in a way that allows rapid localized, on­
demand access to the DNA. 

Nucleosomes Are the Basic Unit of Eucaryotic 
Chromosome Structure 

The proteins that bind to the DNA to form eucaryotic chromosomes are tradi 
tionaJ!y divided into two general classes: the histones and the 11011l1isro11e 
chromoso111a/ proteins. The complex of hoth classes of protein with the nuclear 
DNA of eucaryoric cells is kno\\01 as chromatin. Hist ones are present in such 
enormous quantities in the cell (about 60 million molecules of eacl1 type per 
human cell) that their total mass in chromatin is about equal to that of the DNA. 

I listones are responsible for the first and most basic level of chromosome 
organization, the nucleosome, which was discovered in 1974. When interphase 
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nuclei are broken open very gently and their contems examined under the elec­
tron microscope, most of the chromatin is in the form of a fiber with a diameter 
of ahout 30 nm (Figure 4-23A). If this chromatin is subjected to treatments that 
cause it to unfold partially, it can be seen under the electron microscope as a 
series of"beads on a string· (Figure 4-23B). The string is DNA, and each bead is 
a "nucleosome core particle'· that consists of DNA wound around a protein core 
for med lrom histones. The beads on a string represent the first level of chromo­
somal DNA packing. 

I he structural organization of nucleosomes was determined after first iso­
lating them from unfolded chromatin by digestion with particular enzymes 
(called nucleases) that break down DNA by cutting between the nucleosomes. 
After digestion for a short period, the exposed DNA between the nucleosome 
core particles, the li11ker DNA, is degraded. Each individual nucleosome core 
particle consists of a complex of eight histone proteins-two molecules each of 
histoncs H2A, H2B, H3, and H4-and double-stranded DNA that is 146 
nucleotide pairs long. The /1is1011e ocu,mer forms a protein core around which 
th,• double-stranded DNA is wound (Figure 4-24). 

Fach nucleosome core particle is separated from the next by a region of 
link,·, DNA, which can vary in length from a few nucleotide pairs up to about 80. 
(The term 1111cleosome technically refers to a nucleosome core particle plus one 
of its adjacent DNA linkers, hut it is often used synonymously with nucleosome 
core particle.) On average, therefore, nucleosomes repeat at intervals of about 
200 nucleotide pairs. For example, a diploid human cell ,vith 6.4 x 109 nucleotide 
pairs contains approximately 30 million nucleosomes. The formation of nucleo­
somes converts a DNA molecule into a chromatin thread about one-third of its 
initial length, and this provides the first level of DNA packing. 

The Structure of the Nucleosome Core Particle Reveals
How DNA Is Packaged
The high-resolution structure of a nucleosome core particle, solved in 1997, 
revealed a disc-shaped histone core around which the DNA was tightly wrapped 
l.65 turns in a left-handed coil (Figure 4-25). ,\II four of the hisrones that make 
up the core of the nucleosome are relatively small proteins (102-135 amino 
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Figure 4-24 Structur-al or-ganization of the nucleosome. 
A nucleosome contains a protein core made of eight histone molecules. 
As indicated, the nucleosome core particle 1s released from chromatin by 
digestion of the linker DNA with a nuclease, an enzyme that breaks down 
ONA. (The nuclease can degrade the exposed linker DNA but cannot attack 
the DNA wound tightly around the nucleosome core.) After dissociation 
of the isolated nucleosome into its protein core and DNA. the length of the 
DNA that was wound around the core can be determined. This length 
of 1◄6 nucleotide pairs is sufficient to wrap 1.65 times around the 
h,stone core. 
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Figure 4-23 Nucleosomes as seen 
in the electron microscope. 
(A) Chromatin isolated directly from an 
interphase nucleus appears in the electr,..n 
microscope as a thread 30 nm thick 
(B) This electron micrograph shows a 
length of chromatin that has been 
experimentally unpacked, or decondensed. 
after isolation to show the nucleosomes 
(A, courtesy of Barbara Hamkalo; 
B, courtesy of Victoria Foe.) 
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acids), and they share a structural motif, known as the l,isto11efold, formed ftom 
three ex helices connected by two loops (Figure 4-26). In assembling a nucleo­
some, the histone folds first hind to each other to form H3-ll4 and H2A-l-12ll 
dimers, and the H3-H4 dinwrs combine 10 form tetramers. An H3-H4 tetrame, 
then further combines with two 112A-H2B dimers to form the compact ocramer 
core, around which the DNA is wound (Figure 4-27). 

The interface between DNA and histone is extensive: 142 hydrogen bonds 
an, formed between DNA and the histone core in each nucleosome. Nearly half 
of these bonds form her ween the amino acid backbone of the histones and the 
phosphodiester backbone of the DNA. Numerous hydrophobic imeractions and 
salt linkages also hold DNA and protein together in the nucleosome. Fo_r exa�­
ple, all the core histones are rich in lysine and arginine (two amino acids with 
basic side chains), and their positive charges can effec11vely neutralize the neg­
atively charged DNA backbone. These numerous interactions explain in part 
why DNA of virtually any sequence can be bound on a hisrone octamer core. The 
path of the DNA around the l1istone core is not smooth; rather, several kinks are 
seen in the DNA, as expected from the nonuniform surface of the core. 

In addition to its histone fold, each of the core histones has a Jong N-terminal 
amino acid "tail", which extends out from the DNA-histone core (see Figure 
4-27). These l1istone tails are subject to several different types of covalent mod­
ifications, which control many aspects of chromatin structure. We discuss these 
issues later in the chapter. 

IA) 

N-terminal tail histone fold 

Figure 4-26 The over-all structural organization of the core 
histones. (A) Each of the co,.e histones contains an N-terminal tail, which is 
subject to several forms of covalent modification. and a histone fold region, 
as indicated. (B) The suucture of the histone fold, which is for'mCd by all four 
of che core histones. (C) Histones 2A and 28 form a dimer th,.ough an 
interaction known as the "handshake." Histones H3 and H4 form a dimer 
through the same type of interaction, as illustrated in Figure 4-27. 
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Figure 4-25 The structure of a 
nucleosome core particle, as 
determined by x-ray diffraction 
analyses of crystals. Each histone is 
colored according to the scheme of 
Figure 4-26. with the DNA double helix In 
light gray. (Reprinted by permission from 
K. Luger et al., Nature 389:25 1-260, 1997. 
© Macmillan Magazines Ltd.) 
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As might be expected from their fundamental role in DNA packaging, the 
histones are among the most highly conserved eucaryotic proteins. For example, 
the amino acid sequence of histone H4 from a pea and a cow differ at only at 2 
of the 102 positions. This strong evolutionary conservation suggests that the 
functions of histones involve nearly all of their amino acids, so that a change in 
any position is deleterious to the cell. This suggestion has been tested directly in 
yeast cells, in which it is possible to mutate a given histone gene in vitro and 
introduce it into the yeast genome in place of the normal gene. As might be 
expected, most changes in histone sequences are lethal; the few that are not 
lethal cause changes in the normal pattern of gene expression, as well as other 
abnormalities. 
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Figure 4-27 The assembly of a 

histone octamer. The histone H3-H4 

dimer and the H2A-H2B dimer are 
formed from the handshake interaction 
An H3-H4 tetramer forms the scaffold of 
the octamer onto which two H2A-H2B 

dimers are added, to complete the 
assembly. The hi stones are colored as in 
Figure 4-26. Note that all eight N-term• ,al 
tails of the histones protrude from the 
disc-shaped core structure. In the x-ray 
crystal {Figure 4--25), most of the histone 
tails were unnructured (and therefore ot 
visible in the structure). suggesting that 
the:1r conformations are highly flexible 
(Adapted from figures by J. Waterborg.) 

Despite the high conservation of the core histones, many eucaryotic organ­
isms also produce specialized variant core histones that differ in amino acid 
sequence from the main ones. For example, the sea urchin has five histone H2A 
variants, each of which is expressed at a different time during development. It is 
thought that nucleosomes that have incorporated these variant histones differ 
in stability from regular nucleosomes, and they may be particularly well suited 
for the high rates of DNA transcription and DNA replication that occur during 
these early stages of development. 

The Positioning of Nucleosomes on DNA Is Determined by 
Both DNA Flexibility and Other DNA-bound Proteins 

Although nearly every DNA sequence can, in principle, be folded into a nucleo­
some, the spacing of nucleosomes in the cell can he irregular. 1\vo main influ­
ences determine where nucleosomes form in the DNA. One is the difficulty of 
bending the DNA double helix into two tight turns around the outside of the his­
tone octamer, a process that requires substantial compression of the minor 
groove of the llNA helix. Because A-T-rich sequences in the minor groove are 
easier to compress than G-C-rich sequences, each histone octamer tends to 
position itself on the DNA so as to maximize A-T-rich minor groove� on the 
inside of the DNA coil (Figure 4-28). Thus, a segment of DNA that contains short 
A-T-rich sequences spaced by an integral number of DNA turns is easier 10 bend 
around the nucleosome than a segment of DNA lacking this feature. In addition, 
because the DNA in a nucleosome is kinked in several places, the ability of a 
given nucleotide sequence to accommodate this deformation can also influence 
the position of DNA on the nucleosome. 

These features of DNA probably explain some striking, but unusual, cases of 
very precise positioning of nucleosomes along a stretch of DNA. For most of the 
DNA sequences found in chromosomes, however, there is no strongly preferred 
nucleosome-binding site; a nucleosome can occupy any one of a number of 
positions relative 10 the DNA sequence. 

The second, and probably most important, influence on nucleosome posi­
tioning is the presence of other tightly bound proteins on the DNA. Some bound 
proteins favor the formation of a nucleosome adjacent to them. Others create 
obstacles that force the nucleosomes to assemble at positions between them. 
Finally, some proteins can bind tightly to DNA even when their DNA-binding 
site is part of a nucleosome. The exact positions of nucleosomes along a stretch 
of DNA therefore depend on factors that include the DNA sequence and the 
presence and nature of other proteins hound to the DNA. Moreover, as we see 
below, the arrangement of nucleosomes on DNA is highly dynamic, changing 
rapidly according to the needs of the cell. 

Nucleosomes Are Usually Packed Together into 
a Compact Chromatin Fiber 

Although Jong strings of nucleosomes form on most chromosomal DNA, chro­
matin in a living cell probably rarely adopts the extended '"beads on a string" 
form. Instead, the nucleosomes are packed on top of one another, generating reg­
ular arrays in which the DNA is even more highly condensed. Thus, when nuclei 
are very gently Jysed onto an electron microscope grid, most of the chromatin is 
seen to be in the form of a fiber with a diameter of about 30 nm, which is consid­
erably wider than chromatin in the "beads on a siring" form (see Figure 4-23). 

Several models have been proposed to explain how nucleosomes are packed 
in the 30-nm chromatin fiber; the one most consistent with the available data is 
a series of structural variations known collectively as the Zigzag model (Figure 
4-29). In reality, the 30-nm structure found in chromosomes is probably a fluid 
rnosaic of the different zigzag variations. \Ve saw earlier that the linker DNA that 
connects adjacent nucleosomes can vary in length; these differences in linker 
length probably introduce further local perturbations into I he zigzag structure. 
Finally, the presence of other DNA-binding proteins and DNA sequence that 
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G-C preferred here 
·(minor groove outside) 
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\ A-T preferred here 
\ (minor groove inside) 
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nucleosome 

Figure 4-28 The bending of DNA in 

a nucleosome. The DNA helix makes 
1.65 tight turn$ around the histone 
octamer. This diagram is drawn 
approximately to �cale. illustrating how 
the minor groove is compressed on the 
Inside of the turn. Owing to certain 
structural features of the ONA molecule. 
A-T base pairs are preferentially 
accommodated in such a narrow minor 
groove. 
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are di fficu lt to fold into n ucleosomes r u nc I ua Ie 1 he 30-nm fiber wi t h  i rregu l ar 
features (Figure 4-30) . 

Severa l mechanisms p robab ly act 1oge Iher lo form the 30-nrn fiber from a 
l i near siri ng of n ucleosomes. Fi rs t ,  an add i t ional h istone, called histone H I ,  is 
i nvolved i n  t h is p rocess. H I  is larger than the core histones and is considerably 
less well conserved. In fac t ,  the ce lls of most eucaryotic organ isms make several 

histone H I  proteins of related hut quite distinct ami no acid sequences. A single 
histone H I  molecule b inds 10 each nucleosome, contacting both DNA and pro­
tein ,  and changi ng the path of the DNA as it exits from the nucleosome. 
Alt hough it is not u nderstood in detail how HI pulls nucleosomes together into 
the 30-nm fibe r, a change in the exit path in DNA seems crucial for compacting 
n ucleosomal DN/\ so that it interlocks to form the 30- nm fiber (Figure 4-3 1 ) . 

� second mechanism for forming the 30-nm fiber p robably involves t he tails 
or t he core histones, which, as we saw above, extend from the nucleosome. I t  is 
thought that these tails may help attach one nucleosome to another- I he re by 
allowing a st ring of them, with the aid of histone 11 1 .  to condense into the 30-nm 
fiber (Figure 4-32) . 

ATP-driven C h romati n Remodel
i

ng Machi nes Change 
Nuc leosome Structu re 

For many years biologists thought that, once formed in a particular position on 
DNA, a nucleosome remained fixed i n  place because of the t ight association 

nuc leosome 

sequence-specific 
DNA- binding proteins 

Figure 4 -29 V.ariations o n  the Z igzag 
m od�I for the 3 0 -n m  c h romati n 

fiber. (A a nd  B) Electron m icro scopic 
evidence for the top a nd bottom-left model 
structu res depicted in (C), (C) Zigzag 
variations. An I n te rco n ve rsion between 
these th ree variations Is proposed to 
occur by an accord ion-l ike expa nsion and 
cont raction of the fiber length. Diffe rences 
In the le ngth of the l i n ker between 
ad1ace nt nucleosome beads can be 
accommodated by sn3ki ng or co il ing of 

the linker DNA. or by sma ll local changes 
in the w idth of the fiber. Formation of the 
JO-nm fiber requires both histone H I  a.,d 
the core h 1sto ne tails; for s implic ity. 
neither is s hown here, but see figures 
4-30 ;ind -1-32. ( From J. Bed nar et a l.. Prue 

Natl. A ca d. Sc,. USA 95 : 1 4 1 73- / 4 1 78. 1 998 
© National Academy of Scie nces.) 

F igure 4-JO Irregularities in the JO-nm fiber. This schematic view of the 30-nm fiber i llustrates its 
interruption by sequence-specific DNA-binding proteins .  How these p roteins bind tightly to DNA is 

2 1 2  

explained m Chapter 7.Thc interruptions i n  the 30-nm fiber may b e  due to regions of DNA that lack 
nuclcosomes altogether or, more prob3bly. to regions that contam altered or remodeled nucleosomes. 
Regions of chromatin that are nucleosome free or contain remodeled nucleosome can often be detected 
experimentally by the unusual ly high susceptibility of their DNA to digestion by nucleases-as compared with 
the DNA m nucleosomes. 
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between the core h isto nes and DNA. But it has recent ly bee n discovered t h a t  
eucaryot ic cells co n tain ch romatin remodeling co 111plexes, prote i n  machines 
that use the energy of ATP hydrolysis to ch ange t he s < r ucwrc of nucleosomes 
temporarily so that DNA becomes less t ight ly hound to t he h is 10 ne core. The 
remodeled state may result from m oveme n t  of t he l-l 2 <\. -H2B dimers in t he 
nucleosome co re; the H3- H4 tetramer is pa rt icu larly st able and would be d i ft i · 
cult to rear range (see Figure 4-27) . 

The remodeling or nucleosome structure has t wo import an t  consequences. 
Fi rst ,  it permits ready access to nucleosomal DNA b) other p rote ins in t he ce ll ,  
particularly those involved in  gene exp ressio n, D NA replication, and repair. 
Even after the remodel i ng  complex has dissociated, t he nucleoso me can remain 
in  a " remodeled state " that conta in s  DNA and the full complement  of h i sto nes­
but one in which the DN/\ -h istone contacts have been loosened; only gradually 
does this remodeled state rever t 10 that of a s tandard nucleosome .  Second , 
remodeling complexes can ca t a lyze changes in the posit ions of nucleosomes 
along DN A ( Figure 4 -33) ; some can even transfer a histone co re from one DNA 
molecule to ano1her. 

Cells have several d i fferen t ch romatin remodel ing comp lexes that di ffer 
subtly i n  t heir proper t ies .  Most are large pro tein complexes t hat can contain 
more t han 1 en subun i ts. I t  is l ikely t ha t  t hey are used whenever a euca r yotic cell 
needs di rect access to nuc leosomc DNA for gene exp ression, DNA replication, 
or DNA repair. D i f feren t  remodeling complexes may have featu res specialized 
for each of t hese roles. It is thought tha t  the p r i mar y role of some remodeling 
complexes is to a l low access to nucleosomal D NA, -..v hernas that of other s  is to 
re-form nucleosomes when access to DN •\ is  no longer requi red (Figure 4-34) . 

Ch romat i n  remodel ing complexes a re c arefu l ly  con trolled by the cell. We 
shall see in Chapter 7 that ,  when genes are turned on and o ff, these complexes 
can be brough t to specific regions of DNA where they act local ly  to influence 
chromatin structure. Dur ing mitosis, at least some of the chromatin -remodeling 
complexes are inactivated by phospho r ylation. T his may help the tightly pack­
aged mito1 ic chromosomes maintain their str uct u re. 

Covalent Modificat ion of the H i stone T ai l s  
Can Profoundly Affect Chromat in  

The N-terminal tails of each of the  four co re histones are highly conser ved in 
their sequence. and per fo rm crucial func1io11s in  regulating chromatin str ucture. 

!Al HJ lad !Bl 
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Figu re 4 -J I A spec ulat ive model for 
how h istone H I  could change the 
path of D NA as it exits f ro m  th e 
nucleosome. Histone H I  ( g reen) consists 

of a globular co re a nd two exte nded ta i ls. 
Pa rt of the effect of H I  on the 
compactio n of nudeosome o rg a n izatio n 

may result from charge neut ralization: like 
the co re histones, H I is positively cha rged 

(especially its C- te r m inal tail)
, 
a nd th is 

helps to compact the negatively cha rged 

DNA Un l ike the co re histones, H I does 
not seem to be essential for cell viability; 
m o ne ci l iated p rotozoa n the nucleus 
expa nds nea rly twofold in the absence of 
H I . but the cells othe rwise appear no r ma l.  

Figu re 4- l l  A specul ati ve model for 
h isto ne tai ls in the for mation of the 
JO -nm fibe r. (A) T he app roximate ex it 
points of the e ight histone ta ils, four fro m 
each histo ne subu mt. that extend f ro m 
each nuc leoso me. 1 n  the h1gh - resolut1o n 

structu re of the nudeoso me (see Figu re 

4-25), the tai ls a re largely u nstructu red ,
suggesti ng that they ar e high ly flexible . 
(B) A speculative mode l showing how the 
histo ne tails may he lp to pack 

nuc leoso mes together i nto the 30- nm 

fibe r. T h i s  model is based o n  ( I )  
exper imenta l evide nce that h i s tone tails 
aid In the formatio n of the 3 0 - n m  fibe r, 
(2) the x -ray crystal structur e of the 
nuc leoso me, which showed that the tails 

of one nudeosome contact the histone 
core of an ad1acent nuc leosome m the 
cr ystal lattice, and ()) ev idence that the 
histone tails inter act w ith DNA 
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altered positioning 

standard nucleosomes 

If 
chromatin· 

! / remodeling 
.,,,;;: complex 

remodeled nucleosomes 

Each tail is subject to several types of covalent modifications, including acetyla­
tion of lysines, methylat ion of lysines, and phosphorylation of serines (Figure 
4-35A). Histones are synthesized in the c,�osol and then assembled into nucleo­
somes. Some of the modifications of histone tails occur just after their synthesis, 
but before their assembly. The modifications that concern us, however, 1ake place 
once the nucleosome has been assembled. These nucleosome modifications are 
added and removed by enzymes that reside in the nucleus; for example, acetyl 
groups are added 10 the his1one tails by histone acetyl 1ransferases (HATs) and 
taken off by histone deacel') lases (HDACs). 

The various modifications of the histone tails have several important con­
sequences. Although modifications of the 1ails have little direct effect on the 
stability of an individual nucleosome, they seem to affect the stability of the 
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Figure 4-33 Model for the 
mechanism of some chromatin 
remodeling complexes. In the absence 
of remodeling complexes, the 
interconversion between the three 
nucleosomal states shown is very slow 
because of a high activation energy 
barrier. Using ATP hydrolysis, chromatin­
remodeling complexes (green) create an 
activated intermediate (shown in the 
center of the figure) in which the 
histone--DNA contacts have been partly 
disrupted. This activated state can then 
decay to any one of the three 
nucleosoma.l configurations shown. In this 
way. the remodeling complexes greatly 
increase the rate of interconversion 
between different nudeosomal states. The 
remodeled state, in which the 
histone--DNA contacts have been 
loosened. has a higher free energy level 

than that of standard nucleosomes and 
will slowly revert to the standard 
nucleosome conformation, even in the 
absence of a remodeling complex. Cells 
have many different chroma.tin remod�ling 
complexes. and they differ in their detailed 
biochemical properties; for example, nol 
all can change the position of a 
nucleosome. but all use the energy of 
ATP hydrolysis to alter nucleosome 
structure. (Adapted from R.E. Kingston 
and G.J. Narlikar, Genes Dev. 
13:2339-2352. 1999.) 

Figure 4-34 A cyclic mechanism for 
nucleosome disruption and 
re-formation. According to this mode,, 
different chromatin remodeling complexes 
disrupt and re-form nudeosomes, 
although. in principle, the same complex 
might catalyte both reactions. The DNA· 
binding proteins could function in gene 
expression. DNA repllcation, or ONA 
repair, and in some cases their binding 
could lead to the dissociation of the 
histone core to form nudeosome-free 
regions of ONA like those illustrated in 
Figure +.30. (Adapted from A. Travers, 
Cell 96:3 I 1-31 ◄. 1999.) 

30-nm chromatin fiber and of the higher-order structures discussed below. For 

example, histone acetylation tends to destabilize chromatin structure, perhaps 

in part because adding an acetyl group removes the positive charge from the 
lysine, thereby making it more difficult for histones to neutralize 1he charges on 
DNA as chromatin is compacted. However, the most profound effect of modified 
histone tails is their ability to attract specific proteins to a stretch of chromatin 

that has been appropriately modified. Depending on the precise tail modifica­
tions, these additional proteins can either cause further compaction of the chro­
matin or can facilitate access to the DNA. If combinations of modifications are 
taken into account, the number of possihle distinct markings for each histone tail 
is very large. Thus, it has been proposed 1hat, lhrough covalent modification of 
the histone tails, a given stre1ch of chromatin can convey a particular meaning to 

H2A N C 

K 
119 

Ac Ac Ac Ac 

H2B N C 

K K K K 
5 12 15 120 

Me Me 
Ac Ac Ac Ac 

H3 N C 

K s K K K 
9 10 14 1B 23 

p Ac Ac Ac Ac Me 

"' N C 

s K K K K 

1 5 8 12 16 
L___J 

histone-fold 
\Al domain 

N-terminal tail H::i+i:IHMIIIHE "meaning" 

1: 
910 14 18 23 28 unmodified gene silencing? 

Ac 
acetylated gene expression 

!i! Ac 

�N 
acetylated histone deposition 

Me gene silencing/ 
"' methylated 
iN heterochromatin 

l:· 
� 

phosphorylated mitosis/meiosis 

phosphorylated/ gene expression acetylated 

Me Ac Me higher-order 
N 

combinations 

r 
� N unmodified gene silencing? 
� Ac Ac 

j2 N 
12 acetylated histone deposition 

� Ac Ac 

L
N 

16 acetylated gene expression 

IBI 

CHROMOSOMAL DNA AND ITS PACKAGING INTHE CHROMATIN FIBER 

Figure 4-35 Covalent modification 
of core histone tails. (A) Known 
modifications of the four histone core 
proteins are indicated: Me = methyl group. 
Ac = acetyl group, P = phosphate, 
u = ubiquitin. Note that some positions 
(e.g., lysine 9 of H3) can be modified in 
more than one way. Most of these 
modifications add a relatively small 
molecule onto the histone tails; the 
exception is ubiqultin, a 76 amino acid 
protein also used in other cellular 
processes (see Figure �87). The function 
of ubiquitln in chromatin 1s not well 
understood: histone H2B can be modified 
by a single ubiquitin molecule; H2A can be 
modified by the addition of several 
ub1quit1ns. (B) A histone code hypothesis. 
Histone tails can be marked by different 
combinations of modifications.According 
to this hypothesis, each marking conveys a 
specific meaning to the stretch of 
chromatin on which it occurs. Only a few 
of the meanings of the modifications are 
known, In Chapter 7, we discuss the way a 
doubly-acetylated H◄ tail is "read" by a 
protein required for gene expression. In 
another well-studied case, an H3 tail 
methylated at lysine 9 is recognized by a. 
set of proteins that create an especially 
compact form of chromatin, which 
silences gene expression. 

The acetylation of lysine l-4 of histone 
H3 and lysines 8 and 16 of histone 
H4-usually associated with gene 
expression-is performed by the type A 
histone acetylases (HATs) in the nucleus. 
In contrast, the acerylation of lysines S and 
12 of h1stone H4 and a lysine of histone 
H3 takes place in the cytosol, after the 
histones have been synthesized but before 
they have been incorporated into 
nucleosomes; these modifications are 
catalyzed by type B HATs.These modified 
histones are deposited onto DNA after 
DNA replication (see Figure 5------◄ I), and 
their acetyl groups are taken off shortly 
afterwards by histone deacetylases 
(HDACs). Thus, the acetylation at these 
positions signals newly replicated 
chromatin. 

Modification of a particular position in a 
histone tail can take on different meanings 
depending on other features of the local 
chromatin structure. For example, the 
phosphorylation of position IO of histone 
H3 is associated not only with the 
condensation of chromosomes that takes 
place in mitosis and meiosis but also with 
the expression of certain genes. Some 
histone ta.ii modifications are 
Interdependent. For example methylation 
of H3 position 9 blocks the 
phosphorylation of H3 po�ition I 0, and 
vice versa. 
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the cell (Figure 4-35B). For example, one type of marking could signal that the 
stretch of chromatin has been newly replicated, and another could signal that 
gene expression should not take place. According to this idea, each different 
marking would attract those proteins that would then execute the appropriate 
functions. Because the histone tails are extended, and are therefore probably 
accessible even when chromatin is condensed, they prmide an especially apt 
format for such messages. 

As with chromatin remodeling complexes, the enzymes that modify (and 
remove modifications from) histone tails are usually multisubunit proteins, and 
they are tightly regulated. They are brought to a particular region of chromatin 
by other cues, particularly by sequence-specific DNA-binding proteins. We can 
thus imagine how cycles of histone tail modification and demodification can 
allow chromatin structure to be dynamic-locally compacting and decompact­
ing it, and, in addition, attracting other proteins specific for each modification 
state. It is likely that histone-modif)ing enzymes and chromatin remodeling 
complexes work in concert to condense and recondense stretches of chromatin; 
for example, evidence suggests that a particular modification of 1he histone tail 
attracts a particular type of remodeling complex. Moreover, some chromatin 
remodeling complexes contain histone modification enzymes as subunits, 
directly connecting the two processes. 

Summary 

A gene is a 1111cleotide seque11ce i11 n DNA 111olec11le that acts asafunc1io11al u11it for 
the prod11crion ofa protein, a structurnl RNA, or a catalytic RNA molec11le.J11 eucary­
otes, protein-coding genes are usually composed of a string of alternMing intrans 
and exons. A chromosome is formed from a single, enormously long DNA molecule 
that contains a linear array of numy genes. The lumum genome contains 3.2 x J(J9 
DNA nucleotide pairs, divided between 22 <lifferent ntttosomes nnd 2 sex cltromo­
somes. Only a small percentage of this DNA codes for proteins or structural and cat• 
alytic RNAs. A cliromosomnl DNA molecule "lso contains three other types offtwc­
tionally important nucleotide sequences: replication origi.ns and telomeres allmv 
the DNA molecule to be completely replicated, while a ce11tromere attaches the 
daughter D.l\lA molecules to the mitotic spindle, ensuring their accurate segregation 
to daughter cells during the M phase of the cell cycle. 

The DNA in eucaryotes is tightly bound to an equal mass ofhistones, which form 
a repeating array of DNA-protein particles called 11ucleosomes. The nucleosome is 
composed of au octameric core of histone proteins around which the DNA double 
helix is wrapped. Despite irregularities in the positioning of 11ucleosomes along 
DNA, ,wcleosomes are usually packed together (with the aid of histone HI 
molecules) into quasi-regular arrays 10 form a 30-11111 fiber. Despite the high degree 
of compaction in chromatin, its structure must be highly dynamic to allow the cell 
access to the DNA. nvo general strategies for reversibly changing local chromatin 
structures are important for this purpose: ATP-driven chromatin remodeling com• 
plexes, and an enzymatically catalyzed covalent modification of the N-terminal 
tails of the four core histones. 

THE GLOBAL STRUCTURE OF CHROMOSOMES 

Having discussed the DNA and protein molecules from which the 30-nm chro­
matin fiber is made, we now turn to the organization of the chromosome on a 
more global scale. As a 30-nm fiber, the typical human chromosome would still 
be 0.1 cm in length and able to span the nucleus more than 100 times. Clearly, 
there must be a still higher level of folding, even in interphase chromosomes. 
This higher-order packaging is one of rhe most fascinating-but also one of the 
most poorly understood-aspects of chromosome structure. Although its 
molecular basis is still largely a mystery, it almost certainly involves the folding 
of the 30-nm fiber into a series of loops and coils, as we see below. Our discus­
sion of this higher-order packing continues an important theme in chromosome 
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architecture: interphase chromatin structure is fluid, exposing at any given 
moment the DNA sequences directly needed by the cell. 

We first describe several rare cases in which the overall structure and orga­
nization of interphase chromosomes can be easily visualized, and we explain 
that certain features of these exceptional cases may be representative of the 
structures of all interphase chromosomes. Next we describe the different forms 
of chromatin that make up a typical interphase chromosome. Finally we discuss 
the additional compaction that interphase chromosomes undergo during the 
process of mitosis. 

Lampbrush Chromosomes Contain Loops 
of Decondensed Chromatin 

Most chromosomes in interphase cells arc too fine and too tangled 10 be visual­
ized clearly. In a few exceptional cases, however, i111erphase chro111oso111es can be 
seen to have a precisely defined higher-order structure, and it is thought that 
certain characteristics of these higher-order structures are representative of all 
interphase chromosomes. The meiotically paired chromosomes in growing 
amphibian oocytcs (immature eggs), for example, are highly active in gene 
expression. and they form unusually stiff and extended chromatin loops. These 
so-called larnpbrush chromosomes (the largest chromosomes known) are 
clearly visible even _in the light microscope, where they are seen to be organized 
into a series of large chromatin loops emanating from a linear chromosomal axis 
(Figure 4-36). 

The organization of a lamp brush chromosome is illustrated in Figure 4-37. 
A given loop always contains the same DNA sequence, and it remains extended 
in the same manner as the 0OC)1e grows. Other experiments demonstrate that 
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Figure 4-36 Lampbrush 

chromosomes. (A) A light micrograph of 
lampbrush chromosomes in an amphibian 
oocyte. Early in oocyte differentiation, 
each chromosome replicates to begin 
meiosis, and the homologous replicated 
chromosomes pair to form this highly 
extended structure containing a total of 
four replicated DNA molecules, or 
chromatids. The lampbrush chromosome 
stage persists for months or years, while 
the oocyte builds up a supply of materials 
required for its ultimate development into 
a new individual. (B) Fluorescence light 
micrograph showing a portion of an 
amphibian lampbrush chromosome.The 
regions of the chromosome that are being 
actively expressed are stained green by 
using antibodies against proteins that 
process RNA during one of the steps of 
gene expression (discussed in Chapter 6). 
The round granules are thought to 
correspond to large complexes of the 
RNA·splicing machinery that will also be 
discussed in Chapter 6. (A. courtesy of 
Joseph G. Gall; 8, courtesy of Joseph 
G. Gall and Christine Murphy.) 
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mos, of the genes present in 1he DNA loops are being actively expressed (see 
Figure 4-36B). Most of the DNA, however, is not in loops but remains highly 
condensed in the chromomeres on the axis, which are generally not expressed. 
Lamp brush chromosomes illustrate a recurrent theme of this chapter-when 
the DNA in a region of chromatin is in use (in this case, for geI1e expressio11), that 
part of the chromatin has an extended structure; otherwise, the chromatin is 
condensed. In lamp brush chromosomes, the structural units of 1his regulation 
are large, precisely defined loops. 

Relatively few species undergo the specialization 1hat produces lampbrush 
chromosomes. However, when injected into amphibian oocytes, 1he DNA from 
organisms that normally do not produce lampbrush chromosomes (e.g., DNA 
from a fish) is packaged into lampbrush chromosomes. On the basis of 1his type 
of experiment, it has been proposed that the interphase chromosomes of all 
eucaryotes are arranged in loops that are normally 100 small and fragile 10 be 
easily observed. It may be possible in the future to coax 1he DNA from a mam­
mal such as a mouse to form lampbrush chromosomes by introducing it into 
amphibian oocytes. This could allow a detailed correlation of loop structure, 
gene arrangement, and DN •\ sequence, and we could begin to learn how the 
packaging into loops reflects the sequence content of our DNA. 

Drosophila Polytene Chromosomes Are Arranged 
in Alternating Bands and lnterbands 

Certain insect cells also have specialized interphase chromosomes that are read­
ily visible, although this type of specialization differs from that of lampbrush 
chromosomes. For example, many of the cells of certain fly larvae grow to an 
enormous size through multiple cycles of DNA synthesis without cell division. 
The resulting giant cells contain as much as several thousand times the normal 
DNA complement. Cells with more 1han the normal ONA complement are said 
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Figure 4-37 A model for the 
structure of a \ampbrush 
chromosome. The set of lampbrush 
chromosomes in many amphibians 
contains a total of about I 0.000 chromat,n 
loops, although most of the DNA in each 
chromosome remains highly condensed n 
the chromomeres. Each loop corresponds 
to a particular DNA sequence. Four 
copies of each loop are present in each 
cell, since each of the two chromosomes 
shown at the top consists of two closely 
apposed, newly replicated chromosomes 
This four-stranded structure is 
characteristic of this stage of development 
of the oocyte, the diplotene stage of 
meiosis; see Figure 2�12. 

to be polyploid when they contain increased numbers of standard chromosomes. 
In several types of secretory cells of lly larvae, however, all the homologous chro­
mosome copies are held side by side, like drinking straws in a box, creating a sin­
gle polytene chromosome. The fac1 that, in some large insect cells, polytene 
chromosomes can disperse to form a conventional polyploid cell demonstrates 
that these two chromosomal stales are closely related, and 1hat the basic struc­
ture of a polytene chromosome must be similar to that of a normal chromosome. 

Polytene chromosomes are often easy to see in the light microscope because 
they are so large and because the precisely aligned side-by-side adherence of 
individual chromatin strands greatly elongates the chromosome axis and pre­
vents tangling. Polyleny has been most studied in the salivary gland cells of 
Drosopili/a larvae, in which the DNA in each of the four Drosopilila chromo­
somes has been replica1ed through 10 C)'Cles 1vithout separation of the daughter 
chromosomes, so I hat 1024 (210) identical s1rands of chroma1in are lined up side 
by side (Figure 4-38). 
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Figu,-e 4-38 The entir'e set of 
polytene chromosomes in one 
Drosophila salivary cell. These 
chromosomes have been spread out for 
viewing by squashing them against a 
microscope slide. Drosophila has four 
chromosomes. and there are four 
different chromosome pairs present. But 
e:ich chromosome is tightly paired with iu 
homolog (so that each pair appears as a 
s!ngle structure), which is not true in 
most nuclei (except in melosis).The four 
polytene chromosomes are normally 
hnked together by regions near their 
centromeres that aggregate to create a 
single large chromocenter (pink region). In 
this preparation, however, the 
chromocenter has been split into two 
halves by the squashing procedure used. 
(Modified from T.S. Painter,). Hered. 

25:465-476, 1934.) 
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When polytene chromosomes are viewed in the light microscope, distinct 
alternating dark bands and light i11terba11ds are visible (Figure 4-39). Each band 
and interband represents a set of I 024 identical DNA sequences arranged in reg­
ister. About 95% of the DNA in polytene chromosomes is in bands, and 5% is in 
interbands. The cl1romatin in each band appears dark, either because it is much 
more condensed than the chromatin in the interbands, or because it contains a 
higher proportion of proteins, or both (Figure 4--40). Depending on their size, 
individual bands are estimated 10 contain 3000-300,000 nucleotide pairs in a 
chromatin strand. The bands of Drosophila polytene chromosomes can be rec-

• ognized by their different thicknesses and spacings, and each one has been 
given a number to generate a chromosome "map.'' There are approximately 
5000 bands and 5000 interbands in the complete set of Drosophila polytene 
chromosomes. 

Both Bands and lnterbands in Polytene Chromosomes 
Contain Genes 
The reproducible pattern of bands and interbands seen in Drosophila polytene 
chromosomes means that these interphase chromosomes are highly organized. 
Since the 1930s, scientists have debated the nature of this organization, and we 
still do not have a clear answer. Because the number of bands in Drosophila 
chromosomes was once thought 10 be roughl; equal 10 the number of genes in 
the genome. it was initially thought that each hand might correspond 10 a single 
gene; however, we now know this simple idea is incorrect. There are nearly three 
times more genes in Drosophila than chromosome bands, and genes are found 
in both band and interhand regions. Moreover, some hands contain multiple 
genes, and some bands seem 10 lack genes altogether. 

It seems likely that the band-interband pattern reflects different levels of 
gene expression and chromatin structure along the chromosome, with genes in 
the less compact interbands being expressed more highly than those in the more 
compact bands. In any case. the remarkable appearance of fly polytcne chro­
mosomes is though I to retlect the heterogeneous nature of the chromatin com· 
paction found along all interphase chromosomes. In the next section we see 
how the appearance of a band can change dramatically when the gene or genes 
within it become highly expressed. 

Individual Polytene Chromosome Bands Can Unfold 
and Refold as a Unit 
A major factor controlling gene expression in the polytene chromosomes of 
Drosophila is the insect steroid hormone ecdyso11e, the levels of which rise and 
fall periodically during larval development. When ecdysone concentrations rise, 

bands 
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Figure 4-39 A light micrograph of a 
portion of a polytene chromosome 
from Orosophl/o salivary glands. T .. e 
distinct pattern produced by bands and 
interbands is readily seen. The bands are 
regions of increased chromatin 
concentration that occur in interphase 
chromosomes. Although they are 
detectable only in polytene chromosomes, 
it is thought that they reflect a structure 
common to the chromosomes of mos: 
eucaryotes. (Courtesy of Joseph G. Gall.) 

Figure 4-40 An electron micrograph 
of a small section of a Drosophila 

polytene chromosome seen in thin 
section. Bands of very different thickness 
can be readily distinguished, separated b)' 
interbands, which contain less condensed 
chromatin. (Courtesy ofVeikko Sorsa.) 
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they induce I he expression of genes coding for proteins that the Jarva requires 
for each molt and for pupution. i\s the organism progresses from one develop­
mental stage to another, distinctive c/,ro111osot11e 1mffs arise and old puffs recede 
as new genes become expressed and old ones are turned off (Figure 1--41). From 
t�spectton of each puff when it is relatively small and the banding pattern is still 
discernible, it seems that most puffs arise from the decondensation of a single 
chromosome band. 

The individual chromatin fibers that make up a puff can be visualized with 
an electron microscope. For technical reasons, this is easier in the polytene 
ch_romosomes from a different insect, Cl!iro11omus renrans, a midge. Electron 
m1crographs of_certain puffs, called Balbiani rings, of Cltiro11ot11us salivary gland
polytene chromosomes show I he chromatin arranged in loops ( J'igu res 4--42 and 
4--43), much like those observed in the amphibian lampbrush chmmosomes 
discussed earlier. Additional experiments suggest I hat each loop contains a 
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Figure 4-41 Chromosome puffs. This 
series of time-lapse photographs shows 
how puffs arise and recede in the 
polytene chromosomes of Drosophila 

during larval development. A region of the 
left. arm of chromosome 3 is shown. It 
exhibits five very large puffs in salivary 
gland cells, each active for only a short 
developmental period. The series of 
changes shown occur over a period of 
22 hours, appearing in a reproducible 
pattern as the organism develops. The 
designations of the indicated bands are 
given at the left of the photographs. 
(Courtesy of Michael Ashburner.) 

Figure 4-42 RNA synthesis in 
chromosome puffs. (A) Polytene 
chromosomes from the salivary gl3nds of 
the insect C. tenwns. As outlined in 
Chapter I and described in detail In 
Chapter 6, the first step in gene 
expression is the synthesis of an RNA 
molecule using the DNA as a template. In 
this electron micrograph. newly 
synthesized RNA from a Balbiani ring gene 
is indicated in red. Cells were exposed to 
a brief pulse of BrUTP (an analog of UTP). 
which was incorporated into RNA. Cells 
were then fixed and the newly synthesized 
RNAs were identified by using antibodies 
against BrU. Balbiani ring RNAs could be 
distinguished from other RNAs by their 
characteristic shape (see Figure 4--43). The 
blue dots in the figure represent positions 
of Balbiani ring RNAs that were 
synthesized before the addition of BrUTP. 
The experiment shows that Balbiani ring 
RNAs are synthesized m puffs and then 
diffuse through the nucleoplasm. (B) An 
autoradiogram of a single puff in a 
polytene chromosome. The portion of the 
chromosome indicated is undergoing RNA 
synthesis and has therefore become 
labeled with 3H-uridine. (A, courtesy of 
B. Daneholt, from 0.P Singh et al.. Exp. Cell 
Res. 25I:I35-I46.I999.©Academic 
Press; B, courtesy of Jose Bonner.) 
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single gene. When not expressed, the loop of DNA assumes a t h i ckened struc­
tu re, possibly a folded 30-nm fiber, bt1 t when gene expression is occurring, the 
loop becomes more extended. Both types o f  loops contain the fou r  core histones 
and histone Hl .  

1 1  seems likely tha t  t lte default loop s t ructure is a folded 30- 11 111 fiber and that 
the h istone modifying enzymes, chromat in  remodeling complexes, and other 
proteins required for gene expression all help to convert it to a more extended 
form whenever a gene is expressed. In elec t ron micrographs, the chromatin 
located on either side of the decondensed loop appears considerably more com­
pact, which is consistent with the idea that a loop constitutes an independent 
functional domain of ch romat in structure. 

Alt hough controvers ia l ,  i t  has been proposed that all of the DNA in polytene 
chromosomes is arranged in  loops that condense and decondense accord ing to 
when the genes within t hem are expressed. It may be that all in terphase c l iro­
mosomes from all eucaryotes are also packaged into an orderly series of looped 
domains, each contain i ng a small number of genes whose expression is regu la 1ed 
in a coordinated way (Figure 4-44) .  We shall return to this issue in Chapter 7 
when we discuss the ways in which gene expression is regulated by the cell. 

Heterochromatin I s  H igh ly Organ ized and Usua l ly 
Resistant to Gene Expression 

I laving described some features of interphase chromosomes inferred from a few 
rare cases, we now turn to characteristics of interphase chromosomes that can be 
observed in a wide variety of organisms. Light-microscope studies in the 1 930s 
distinguished between two types of chromatin in the in terphase nuclei of many 
higher eucaryo t ic cells: a highly condensed form, called heterochromatin, and 
all the res t ,  which is less condensed, called euchromat in .  Euchromatin is com­
posed of the types of chromosomal structures-30-nm fibers and looped 
domains-that we have discussed so far. Hcterochromatin, in contrast ,  includes 
additional proteins and probably represents more compact levels of organiza­
t ion that are just beginning to be understood. In a typical mammalian cel l ,  
approximately 10% of  t he genome is packaged intO heterochromatin .  Although 
present in many locations along chromosomes, it is concentrated in specific 
regions, including the centromeres and telomeres. 

Most DNA that is folded i nto heterochromatin does not contain genes. How­
ever, genes that do become packaged into heterochromatin arc usually resistant 
to being expressed, because heterochromatin is unusually compact. This does 
not mean t hat heterochromatin is useless or deleterious to the cell; as we see 
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Figure 4-43 Polytene chromosomes 

from C. tentons. The electron 
micrograph shows a thin section of the 
chromatin in a Balbiani r ing, a 
chromosome puff very active in gene 
expression. The Balbiani ring gene codes 
for secretory proteins the larvae uses to 
spin a protective tube.The chrornatin 
arranged in loops. but because the sample 
has been sectioned, only portions of the 
loops ue visible.As they are synthes 12ed 
on the chromatin , the RNA molecu les 1re 
bound up by prote in molecu les, makin.e: 
them visible as knobs on stalks in the 
electron microscope. From the size of the 
RNA-protein complex, the extent of RNA 
synthesis (transcription) can be inferred; a 
whole chromatin loop (shown on the 
right) can then be reconstructed from a 
set of electron micrograph sections su '1 
as that shown here. (Courtesy of 
B. Oaneholt. from U. Skoglund et al., (el/ 
34 :847-855. I 983. © Elsev;er.) 

below, regions of heterochromat in are responsible for the proper functioning or 
relomeres and cent romeres (which lack genes), and its formation may even help 
protect the genome l rom being overtaken by "parasitic" mobile elements of 
DNA. Moreover, a fe\v genes require location in heterochromatin regions if they 
are to be expressed . In fact, the term lte1eroc/1ro11 1ati11 (which was first defined 
cytologically) is l i kely to  encompass several distinct types of chromatin struc­
tures whose common feature is an especially high degree of organization. Thus, 
heterochromat in should not be thought of as encapsulating "dead" DNA, but 
rather as creat ing different types of compact chromatin wi th d is t inct features 
and roles. 

Heteroch romatin's res istance to gene expression makes it amenable to study 
even in organisms in  which it cannot he cl i rer t ly ohserved. When a gene that is 
normally expressed in  euchromatin is experi 111entally relocated into a region of 
11eterochromatin. it ceases to be expressed, and the gene is said to be sile11ced. 
These differences in gene expression are examples of position effects, in which 
the activity of a gene depends on its posit ion along a chromosome. First recog­
nized in Drosoµlt ila. posit ion effects have now been observed in many organisms 
and they are thought to reflect an influence of 1 lw different s ta tes of chro 111atin 
st ructure along chromosomes on gene expression. Thus, chromost l ln�s can he 
considered as mos,i ics ol  dist inct forms of chromatin, each of which has a spe­
cial effect on the ability of the DNA it contains to be addressed by the cell. 

Many posit ion effects exhibit an addit ional feature called 11osi1io11 effecr 
i,ariegario11, which is responsible for the mottled appearance of the fly eye and 
the sectoring of the yeast colony in rhe examples shown in Figure 4-45. These 
pat terns can result from patches of cells in which a silenced gene has become 
react ivated; once reac t ivated, the gene is in ltl' rited stably in this form in daugh­
ter cells. Alterna1 ively, a gene can start out i n  ,•uchromat in early in development. 
and t hen he selected 111 1 1 re or less randomly l o r  p<1ckaging into heterochromatin, 
causing i t s  inactivat ion in a cell and al l  of i t s  daugh ters. 

The study of posi t ion effect variegation has revealed two irnponant charac­
teris1ics of heterochrornatin. First, heterochromatin is dvnamic; ii can "spread" 
into a region and later "re tract" from it at low hut ohse�able frequencies. Sec­
ond, the state of chromat in-whether heterochromatin or euchromat in-tends 
to be inherited from a cell to its progeny. These two features are responsible for 
position effect variegat i on ,  as explained in != igure 4-46. In the next sect ion, we 
discuss several models 1 0  account for the sel f. sus ta in ing nature of heterochro­
mat in ,  once it has been !armed. 

looped doma in  
folded 

histone 
modifying enzymes 
chromatin 
remodeling complexes 
RNA polymerase 

proteins forming chromosome scaffold 

Figur-e 4-44 A model for- the str-ucture of an inter-phase chromosome. A sernon of an interphue 
chromosome is shown folded into a series of looped domains. each containing 20,000- 1 00,000 nucleotide 
pairs of double-helical DNA condensed into a 30-nm fiber. Individual loops can decondense. perhaps in part 
through an accord ion l ike expansion of the 30-nm fiber (see Figure +-29), when the cell requ ires direct access 
to the DNA packaged in these loops. This decondensation is brought about by enzymes that di rectly modify 
chromatin structure-as well as by proteins, such as RNA polymerase (discussed in Chapter 6), that act 
directly on the underlying DNA. It 1s not understood how the folded 30-nm fiber Is anchored to the 
chromo1ome axis, but evidence suggesu that the base of chromo,omal loops is rich in DNA topoisomerascs. 
which are enzymes that al low ONA to swivel when anchored (see pp, 2S 1 -253) . 
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The Ends of Chromosomes Have a Special Form 
of Heterochromati n 

Unlike the nucleosome and the 30-nm fiber, heterochroma t i n  is not well under­
stood structurally. I t a lmost certainly i nvolves an additional level of fold ing of 
30-nm fiber and requ i res many proteins in addition to the h istones. Although its
chromosomes are too small to be seen under the light microscope, the molec­
ular nature of heterochromatin is probably best understood in t he simple yeast 
S. cere/Jisine. Many experiments with yeast cells have shown that the chromat in
extending inward roughly 5000 nucleotide pairs from each chromosome end i s
resistant to  gene expression, and prohahly has  a structure that corresponds to  a t
least one type of  heterochromatin in the  chromosomes of  more complex organ­
isms. Extensive genetic analysis has led to the identification of many of the yeast 
proteins required for th is type of gene silencing. 

Mutations in any one of a set of yeast Si lent information regulator (Sir) pro­
teins prevent the silencing of genes loca ted near telomeres, thereby allowing 
these genes to be expressed. Analysis o r  t hese proteins has led to the discovery 
of a telomere-bound Sir protein complex that recognizes underacetylated N- ter­
minal tails of selected histones (Figure 4-47A). One of the proteins in this com­
plex is a h ighly conserved histone deacetylase known as Sir2, which has 
homologs in diverse organisms, including humans, and presumably has a major 
role in creating a pat tern of histone underacetylation u n ique to heterochro­
matin. As discussed earlier in this chapter, deacetylation or the histone tails is 
thought to allow nucleosomes to pack together into tigh ter arrays and may also 
render them less susceptible to some chromatin remodeling complexes. In addi­
tion, heterochromatin-specific panerns of histone tail modification are likely to 
attract additional proteins involved in forming and main ta ining hetcrochro­
matin (see Figure 4-35). 
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Figure 4-45 Position effects on gene 

expression in two different 
eucaryotic organisms. (A) The yeast 

ADE2 gene at its normal chromosomal 
location i s  expressed in all cells. When 

moved near the end of a yeast 
chromosome, which is inferred to be 
folded into a form of heterochromatin, tt1e 
gene is no longer expressed in most ce l l 
of the population. The ADE2 gene codes 
for one of the enzymes of adenine 
biosynthes is ,  and the absence of the ADE.c. 
gene product leads to the accumulation Jf 
a red pigmenL Therefore, a colony of ce l l s 
that expresses ADE2 is  white, and one 
composed of ce l l s  where the AOE2 gene I s  
not expressed is  red. The white sectors 
that fan out from the middle of the red 

colony grown on an agar surla.ce 
represent the descendanu of ce l l s  in 
which the A0£2 gene has spontaneousI1 
become active. These whrte sectors are 
thought to result from a heritable change 
to a less tightly packed state of chromatin 
near the AOE.2 gene in these cells. 
Although yeast chromosomes are too 
small to be seen under the ligh t 
microscope, the chromatin structure at 
the ends of yeast chromosome� i s  thought 
to have many of the same structural 
features as the heterochromatin in the 
chromosomes of larger organisms. 

(B) Position effects can also be 
observed for the white gene in the fru it fly 

Orosoph1/o. The white gene controls eye 

pigment production and is named after 
the mutation that first identified it. Wi ld 
type flies with a normal white gene (white ") 
have normal pigment production, which 
gives them red eyes, but if the white gene 
is mutated and inactivated. the mutant flies 
(white-) make no pigment and have whlfP 
eyes. In flies in which a normal white+ gene 
has been moved near a region of 
heterochromatin ,  the eyes are mottled , 
with both red and white patches. The wh1te 
patches represent cells in  which the white+ 

gene has been silenced by the effects of 
the heterochromatin. In contrast. the red 
patches represent cells that express the 
white+ gene because the heterochromatin 
did not spread across this gene at the 
time. early in development. when the 
heterochromatin first formed. As in the 
yeast, the presence of large patches of red 
and white cel ls indicates that the state of 
transcriptional activity of the gene is 
Inherited, once determined by its 
chromatin packaging in the early embryo. 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

boundary 

heterochromat in euchromatin 
genes 

1 2 3 4 5 
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Figure 4-46 The cause of position effect variegation in Drosophila. (A) Heterochromatin (blue) is 
normally prevented from spreading into adjacent regions of euchromatin (green) by special boundary DNA 
sequences, which we d iscuss in  Chapter 7. In fl ies that inherit certain chromosomal rearrangements. however, 
this barrier is no longer present. (B) During the early development of such fl ies, heterochromatin can spread 
into neighboring chromosomal ONA. proceed ing for different distances in different cells. This spreading soon 
stops. but the establ ished pattern of heterochromatin is inherited, so that large clones of progeny cells are 
produced th.it have the same neighboring genes condensed into heterochromat1n and thereby inactivated 
(hence the ··variegated" appearance of some of these fl ies: see Figure 4--45B). Although "spreading" i s  used to 
describe the formation of new heterochromatin near previously existing heterochromatin, the term may not 
be wholly accurate. There is evidence that during expansion. heterochromatin can "skip over" some regions 
of chromatin. sparing the genes that lie with in them from repressive effects. One possibil ity is that 
heterochromnt,n can expand across the base of some ONA loops. thus bypassing the chromatin contained in 
the loop. 

But how is the Sir2 protei n  deli\'ered 10 the ends of chromosomes in the first 
place? Another series of experi men ts  has suggested the model showtt in  Figure 
4-47B. A DNA-binding prote i t t  t ha t  recognizes specific ONA sequences in  yeast 
telomeres also hinds to one of t h e  Sir proteins, causing the entire Sir protein com­
plex to assemble on the telomeric DNA. The Sir complex then spreads along the 
chromosome from this site, mod ifying the N-terminal tails of adjacent histones 

Sir proteins 

heterochromatin 
IA) 

euchromati n 

te lomere repeats at 
the tip of chromosome 

rest of 
chromosome • • •  

!B l  

Figure 4-47 Specu lative mode l  for the hetero chromatin at the ends of yeast chromosomes. 
(A) Heterochromatin is general ly underacetylated, and underacetylated tai l s  of h istone H4 are proposed to 
inter-act with a complex of Sir proteins ,  thus stabilizing the assoc iation of these proteins with nucleosomes. 
Although shown as fully unacetylated, the exact pattern of hlstone H◄ tail modification required to bind to 
the Sir complex is not known with ceruinty. In some organisms. the mechylation of lysine 9 of histone H3 is 
al so a critical signal for heterochromatin formation. In euchromatin, histone tails are typically highly 
acet)'lated. Those of H◄ are shown as partially acetylated but. in real ity, the acetylation state varies across 
euchromatin . (B) Specialized ONA-bind ing proteins (blue triangles) recognize ONA sequences near the ends 
of chromosomes and attract the Sir proteins, one of which (Sir2) is an NAD+-dependent h istone deacecylase. 
This then leads to the cooperative sprending of the Sir protein complex down the chromosome. As this 
Complex spreads. the deacecylation catalyzed by Sir2 helps create new binding s i tes on nucleosomes for more 
Sir proteln complexes, A "fold back" :structure of the type shown may also form. 
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10  create the nucleosome-binding s i 1es that the complex prefers. This "spread­
ing cffecf' is 1hought to be dri ven hy 1he cooperative binding of adjacen1 Sir 
protein complexes, as well as by the fold ing back of the chromosome on i 1 self 
10 promo1e Sir binding in nemby r1•gions (see F igur e 4-478) .  In add i t ion, the 
format ion  of heterochromatin  probably requ i res 1he action of chromat in  
remodeling complexes to  readjust the positions of  nucleosomes as  they are 
packed together. 

Unlike most deacctylases, Sir2 requires ;-.JAi)• as a cofactor (see Figure 2-60). 
' I  he NAD• levels in the cell fluctuate with the nu t r i t ional heal th  of the cel l ,  
i ncreasing as ce l l s  become nutritionally deprived. Th i s  feat u re migh t cause the  
telomeric heterochromat in  to  spread in  responsP 10  st arvation (perhaps to 
silence the expression of genes that a,e not absolu tely re4u i red for survival) and 
then to retrac t when condi t ions improve. 

The properties of the yeast heterochromatin just described may resemble 
features of heterochromatin in more complex organisms. Certainly, t he  spread­
ing of yeast heterochromat in  from telomeres is s imi lar in principle to the  move­
ment of hctc rochromat in that causes position effect variegat ion in animals (see 
Figure 4-46) . Moreover, these propert ies can be used to explain the her i tabi l ity 
of heterochromatin, as outlined in Figure 4---48. Whatever the precise mecha­
nism ofheterochromatin formation, i t has become clear that covalent modifica­
tions of the nucleosome core histones have a critical role in  th is process. Of spe­
cial importance in many organisms are the histone 1 1 1etl1yl rmnsferases, enzymes 
that meth) late specific lysines on his tones includ ing lysine 9 of hi stone H3 (see 
Figure 4-35) . This modificat ion is "read" by hcterochroma t in  component s  
(includ ing 1 1  l ' l  i n  Drosophila) t ha t  specifically bind this modified form of  his­
tone H3 to induce the assembly of heterochromatin. It is likely that a spectrum 
of different h istone modificat ions is used by the cell to dist inguish heterochro­
matin from euchromat in (see Figure 4-35) . 

I l aving the ends of chromosomes packaged into heterochromatin provides 
several advantages to the cell :  i t helps to pro tect t he ends of  chromosomes from 
being recogn ized as broken chromosomes by the cellular repair machinery, i t  
may he lp  to  regulate telomere length, and it may assist in t he accurate pairing 
and segregation of chromosomes during mitosis. In Chapter 5 we sec that 
telomeres have additional strucniral features that distinguish them from other 
parts of  chromosomes. 

Centrorneres Are Also Packaged into Heterochrornati n 

Hcterochromatin is also observed around centromeres, the DNA sequences that 
direct the movement of each chromosome into daughter cells every time a cell 
divides (see Figure 4-22) . In many complex organisms, including l t umans, each 
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F igure ◄-48 Two speculative models 

for how the tight packaging of DNA 

in heterochromatin can be inherited 

during chromosome replication. Ir 

both cases, half of the specialized 
heterochromat1n components have been 
d istributed to each daughter chromosome 
after ONA dupt icat1on. (A) In this model. 
new heterochromatin components bind 
cooperatively to the inherited 
components, thereby beginning the 
process of new heterochromatin 
formation. The process ,s completed with 
the assembly of additional proteins and 
the eventual covalent modification of the 
h istones (not shown). (B) In this model 
the inher ited heterochromatin 
components change the pattern of h1 stone 
modification on the newly formed 
daughter nuc leosomes nearby, creating 
new binding sites for free 
heterochromatin components, which 
assemble and complete the structure. 
Both models can account for the 
spreading effects of heterochromatin, and 
indeed, both processes may occur 
s imultaneously in cells. 

centromere seems to he embedded in a very l arge stretch of heterochroma1in 
that persis ts throughow interphase, even though the cen tromere-directed 
movemen t of DNA occurs only during mi tosis. The structure and biochemical 
propert ies of this so-called centric heterocJ1 romatin are not well understood, bu t ,  
like other forms of he1erochromatin, it silences the expression of  genes that a re 
experimental ly placed i n t o  it. It con ta ins, in addition to histones (which are typ­
ically underacetylated and methyla1ed i n  heterochromat in ) ,  several additional 
s t ructu ral  proteins that compact the nucleosomes into particularly dense 
arrangements. 

As wi th  telomeres, our best understanding of the chromatin structure of a 
centro�e_re come_s fr?m st udies of the much simpler cen tromeres of the yeast 
S. cerev1s1ae. Earher m th is chapter we saw that a simple DNA sequence of
approx11na1ely 125 nucleo t ide pairs was su fficient to serve as a centromerc in
this organ ism . . Despite i ts small size, mor1• than a dozen different proteins
assemble on  thts DNA sequence; the p1 < 1 1 t• 1 1 1 s  include a h istone 113 variant that 
along with  the. other core h i stones, is ht• l i t•vcd to form a centromere-specifi�
nucleosome (Figure 4-49A). We do not ) et understand what properties this , mi ­
ant type of  nucleosome pro, i tles t o  the cel l ,  hut  similar specialized nucleosomcs 
seem to be present in all eucaryotic centromeres (Figure 4-498 ) .  The additional 
pmtei.ns a t  the yeast cent romere attach i t  to t he spindle micro tubules and pro­
vide .s,g�a ls  t hat ensure that t it i s  attachmen t  i s  complete he lore the later stages
of m11osrs arc allowed to proceed (discussed in Chapters 17 and 1 8) .  

The cent romeres in more complex organisms are considerably larger t han 
those in budding yeasts. For example, fly and human cen t romeres extend over 
hundreds of thousands of nucleotide pairs and do not seem 10 contain a cen­
tromere-specific DNA sequence. Rather, most consist largely o l  short, repeated 
DNA sequ <>nces, known as alpha smell ire IJNA in humans (Figure 4-50) . But 1 l te 
same repe.r t sequences me also found at other (noncentromeric) positions on 
chromosomes, and how they specify a centromere is poorly understood. Some­
how the formation of tl1e inner plate of a kinetochore is "seeded," followed hy 
the coopera1 1ve assembly of the entire group of special proteins that  form the 
kinetochore (Figure 4-50B ) .  It seems that cen t romeres in complex organisms are 
defined mort' by an assembly of proteins lhan by a specific DNA sequence. 

There art> some str i k i ng  similari t ies between the format ion and mainte­
nance of cen t r�meres and the formation and maintenance of o t her regions of 
het�rochro �na tm .  The e11 1 i re centromere forms as an al l -or-none ent i ry, sug­
gestmg a highly coopera t ive addition of pro t eins after a seeding even ! .  More­
over, once formed, the struc tu re seems to be directly inherited on the DNA as 
pan of each round of chromosome repl icat ion .  Thus, for example, some 
regions of our chromosomes contain nonfunctional alpha satellite DNA 
sequences tha t  seem to be identical to t hose a1 the cen t romere; these 
�e��ences a re presumed to have arisen from a chromosome-joining event that 
m1t1al ly creat ed one chromosome with two cen t romeres (an unstable. dicentric 
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Figure 4-49 The special ized 

nucleosome formed on 

centromeres. (A) A model for the 
proteins that assemble on a yeast 
centromere. The specialized nucleosome 
contains an H3 variant (called CENP-A in 
most organisms), along with core histones 
H2A, H2B. and H4. The folding of DNA 
into this nuc leosome facilitates the 
assembly of the other centromere-binding 
proteins, which form the kinetochore that 
attaches the centromere to the mitotic 
spindle (B) The localization of 
conventional h istone H3 on Drosophila 

mitotic chromosomes. The conventional 
H3  has been fused to a fluorescent 
protein and appears green. A component 
of the kinetochore has been stained red 

with antibodies against a specific 
kinetochore prote in .  (C) The nme 
experiment. but with the centromere­
specific h istone HJ {instead of the 
conventional H3) labeled green. When the 
red and green stains ar-e coincident, the 
stain ing appears yellow. (A adapted from 
P.B. Meluh et •L. Ce/1 94:607-f> l l . 1 998: 
B and C, from S. Henikoff et al. , Pro,. Natl. 

Acad. Sc,. USA 97:7 I 6--72 1 ,  2000. 
© National Academy of Sciences.) 
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chromosome; l ' igure 4-5 IA) .  Moreover, in some unusual cases, new l1urnan cen­
tromeres (called neocent rorneres) have heen observed to form spontaneously 
on fragmented chromosomes. Some of Ihese new positions were originally 
euchromat ic and lack a lpha satel l i t e  DNA altogether (Figure 4-51 B). 

To explain these observat ions it has heen proposed that tie novo centromere 
formation requires an ini t ial marking (or seeding) event. perhaps the formation 
of a special ized DNA-prote in s tru c t u re, which, in humans. happens more rend• 
ily on arrays of alpha saIel l i I e  DNA than on other DNA sequences. This mark 
would be duplica ted when the chromosome divides, and the same centromere 
would then fu nct ion in t he next cell divis ion. Very rarely, 1 he mark \vould be lost 
after chromosome repl ication, in which case it would be very difficult to estab· 
l i sh again ( J ' igure 4-5 I C) .  Al though the self-renewing nature of centromeres is 
not understood in deta i l ,  the t) pc of models described for heterochromatin 
inher i tance in Figure 4-48 could also be crit ical here. 
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chromatid-�---�-! formation of specia l centromeric 
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Figure 4-S0 The structu re of a 
human centromere. (A) The 
organization of the alpha satellite DNA 
sequences, which are repeated many 
thousands of times at a centromere. 
(B) An entire chromosome. The alpha
satellite DNA sequences (red) are AT-rich
and consist of a large number of repeats 
that vary s l ightly from one another in 
their DNA sequence. Blue represents the 
position of flank ing centric
heterochromatin, which contains DNA
sequences composed of different types of 
repeau.As indicated, the kinetochore
consists of an inner and an outer plate . 
formed by a set of kinctochore proteins 
The spindle microtubules attach to the
kinetochore in M phase of the cell cycle
(see Figure 4-22). (8, adapted from
T.O. Murphy and G.H. Karpen, Cell 

93:3 1 7-320, 1 998.) 

Figure 4-S I The plasticity of human 
centromere formation. (A) Owing to 
an ancient chromosome breakage and 
rejoining event. some human 
chromosomes contain two blocks of alpha 
satellite ONA (red), each of which 
presumably functioned as a centromere 1 , l

its original chromosome. Usual ly, these 
dicentric chromosomes are not stably 
propagated because they are attached 
improperly to the spindle and are broke• 
apart during mitosis. In those 
chromosomes that survive, one of the 
centromeres has spontaneously 
inactivated, even though it contains all the 
necessary DNA sequences. This a l lows the 
chromosome to be stably propagated. 
(B) In a small fraction ( 1 12000) of hl1man
births .  extra chromosomes are observed 
in cells of the offspring. Some of these
extra chromosomes. which have formed
from a breakage event, lack alpha sate l l i te 
DNA altogether, yet new centromeres
have arisen from what was originally
euchromatic DNA (C) A model to explai r 
the plasticity and inheritance of 
centromeres.

The plasticity of centromeres may provide an important evolutionary 
advantage. We have seen that chromosomes evolve in part by breakage and 
rejoining events (see Figure 4-19) . Many of these events produce chromosomes 
with two centromeres, or chromosome fragments with no centromeres at all. 
Although rare, the inactivation of centromeres and their ability to be activated 
de novo may occasionally al low ne\.vly formed chromosomes to be maintained 
stably and thereby facil i tale the process of chromosome evolution. 

Heteroch romat in May Provide a Defense Mechanism 
Against Mobi le DNA Elements 

DNA packaged in heteroch mmatin often consists of large tandem arrays of 
short, repeated sequences that do not code for protein. as we saw above for the 
heterochroma1 in of mammalian centromcres. In contrast. euchrornatic DNA is 
rich in genes and other single-copy DNA sequences. Although this correlation is 
not absolute (some arrays of repeated sequences exist in cuchromatin and some 
genes are prese111 in heterochromatin), this trend suggests that some types of 
repeated DNA may be a signal for heterochromatin formation. This idea is sup­
ported by experiments in which several hundred tandem copies of genes have 
been artificially introduced into the germ l i nes of flies and mice. In both organ­
Isms these gene arrays are often silenced, and in some cases, they can be 
observed under the microscope to have formed regions of heterochromat in .  In 
contrast, when single copies of the same genes are i r n roduced into I he same 
position in the chromosome, they are actively expressed . 

This feature, called repea1-i1 1tl11ced gene sile11ci11g, may be a mechanism that 
cells have For protecting their genomes from being overtaken hy mobile genetic 
elements. These elements. which are discussed in Chapter 5, can mul tiply and 
insert themselves throughout the genome. Accord ing 10 Ih is  idea, once a clusIer 
of such mobile elements has formed, the DNA that contains t hem would be 
packaged into heterochromatin 10 prevent their further proli[erat iott .  The same 
mechanism could be responsible for forming the large regions of heterocluo­
matin that contain large numbers of tandem repeats of a simple sequence, as 
occurs around centromeres. 

Mitotic  Chromosomes Are Formed from Chromati n 
in Its Most Condensed State 

Having discussed the dynamic struc tu re of i n t erphase chromosomes, we now 
turn to the final level of DNA packaging, that observed lor mitotic chromo­
somes. Wi th  the excep tion of a few special ized cases, such as the lamphrush and 
polytene chromosomes discussed above, most interphase chromosomes are too 
extended and entangled for their structures to be clearly seen. In con t rast, I he 
chromosomes from nearly all eucaryotic cells are readily visible during mitosis, 
when they coil up to  form highly condensed structures. It is remarkab le t hat this 
further condensation, which reduces the length of a typical interphase chromo­
some only about tenfold, p roduces such a dramatic change in the appearance o l  
chromosomes. 

Figure 4-52 depicts a typical mitotic chromosome at the metaphase stage of 
mitosis. The two daughter DNA molecules produced by DNA replication during 
interphase of the cell-d ivision cycle are separately folded to produce two sister 
chromosomes, or sister cl1romarids, held together at their centromeres (see also 
Figure 4-2 1 ) .  These chromosomes are normally covered with a variety of 
molecules, including large amounts of RNA-protein complexes. Once this cov­
ering has been stripped away, each chromatid can be seen in electron micro­
graphs to be organized into loops of chromatin emanating from a cent ral scaf­
folding (F igures 4-53 and 4-54) . Several types of experiment demonstrate that 
the order of visible features along a mitotic chromosome at least roughly reflects 
the order of the genes along the DNA molecule. Mitotic chromosome condensa­
tion can thus be thought of as the final level in  the hierarchy of chromosome 
packaging (Figure 4-55). 

THE GLOBAL STRUCTURE OF CHROMOSOMES 

chromosome 

centromere 

Figure 4-S2 A typical mitotic 
ch romosome at metaphase. Each 
sister chromatid contains one of two 
identical daughter DNA molecules 
generated earl ier in the cell cycle by 
DNA replication. 

0.1 µm 

Figure 4-Sl A scanning electron 
micrograph of a region near one end 
of a typical mitotic chromosome. 
Each knoblike projection i s bel ieved to 
represent the tip of a separate looped 
domain. Note that the two identical pai red 
chromatids drawn in Figure 4-52 can be 
clearly distingu i shed. (From M.P. M:irsden 
and U.K. Laemmli, Cell I 7:8◄9-858, 1 979. 
© Elsevier.) 
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The compaction of chromosomes during mitosis is a highly organize<l and 
d}11amic process that serves al least two important purposes. First , when con· 
<lensation is complete (in metaphaseL sister chromatids have been disentan· 
gle<l from each other and lie side by side. Thus, the sister chromatids can easily 
separate when the mitotic apparatus begins pulling them apart. Second, the 
compact ion of chromosomes protects the relat ively fragi le DNA molecules from 
being b roken as they are pulled to separate daugh ter cells. 

The condens::t l ion of in terphasc chromosomes i n t o  m i t o t ic chromosomes 
occurs in M phase, and it is i n t imately connected with the progression of the cell 
cvcle, as discussed detail in Chapters 17 and 18. I t  requires a class of proteins 
called co11de11si11s which using the energy of ATP hydrolysis, d rive the coiling of 
each in t erphasc chromosome tha1 produces a mitotic chromosome. Con· 
<lensins are large prot ein complexes that con1 c1 i n  SMC proteins: long, d imcric 
prote in molecu les hinged in the center, with globu lar domains at each end that 
bind DNA and hydrolyze ATP (Figure 4-56) . When added to purified DNA, con­
densins use the energy of ATP hydrolysis to make l a rge right-handed loops in the 
D:--JA. Al t hough it is not yet known how they act 011 chromat in ,  the coil ing model 
shown in  Figure 4-56C is based on 1he fact 1 ha t  con<lensins are a major str11c• 
tural component of mitotic ch romosomes, wi th one molecule of con<lensin 
being p resent for every 10 ,000 nucleot ides of mi to t i c  DNA. 

Each M itotic Chromosome Contains a Characteristic 
Pattern of Very Large Domai ns  

As ment ioned earl ier, the  display of the 46 human chromosomes a t  mitosis i s  
caUed the  human karyotype. When stained with dyes such as Giemsa, mitotic 
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Figure 4-S4 An electr-on micrograph 
of a mitotic chromosome. This 
chromosome (from an insect) was treated 
to reveal loops of chromatin fibers that 
emanate from a central scaffold of the 
chromat1d. Such micrographs support the 
idea that the ch romatin in :,,I I 
chromosomes I s folded into a series of 
looped domains (see Figure 4-55) 
(Courtesy of Uli Laemmlt ) 

Figure 4-SS Chromatin packing. This 
model shows some of the many le.,.els of 
chromatin pack.mg postulated to give nst 
to the highly condensed mitotic 
chromosome. 

IA) 50 nm IBI SMC d imer 

Figure 4-S6 The SMC proteins in condensins. (A) Electron mlcrographs of a purified SMC dimer. 
(B) The structure of an SMC dimer. The long central region of this protein is an antiparal lc l coiled coil (see 
Figure 3- 1 1 )  with a flexible h inge in its middle . as demonstrated by the electron micrograph in (A). 
(C) A model for the way In which the SMC proteins in condensins might compact chromatin. In reality. SMC 
proteins are components of a much larger condens in complex. I t has been proposed that. in the ce l l .  
condensins co i l  long strings of looped chromatin domains (see Figure 4-5S). ln this way the condensins would 
form a structural framework that maintains the ONA in a highly organized state during M phase of the cell 
cycle. (A, counesy of H.P. Erickson; B and C, ad:tpted from T. Hirano, Genes Dev. 1 3: I J - J  9. 1 999 } 

chromosomes show c1 sl riking and reproducihle hand ing pattern along each chro� 
mosome, as shown in Fib'Ure 4- 1 1 .  These bands are unrelated 10 those described 
earlier for the insect pol�tene chromosomes, which correspond to relatively small 
regions of interphase chroma1 in. In a human mi101 i c  chromosome, al l the chro· 
matin is condensed and the bands represent a selective binding or the dyes. 

By examining humi:111 chromosomes verr early in mitosis, w l 1e11 they are less 
condensed than at me1aphase, i i  has been possible to est imate that the total 
haploid genome con tains about 2000 dist inguishable bands. These coalesce 
progressively as condensation proceeds dur ing mitosis. producing fewer and 
thicker bands. As we saw earl ier, cytogenet icists rou t i nely use the pattern of these 
chromosome bands to discover in pa1ients genetic al i erations such as chromo· 
some inversions, 1 ransloca1 ions, and other types of chromosomal rearrange· 
ments (see Figure 4- 1 2) .  

Mitotic chromosome bands are detec1ed in chromosomes from species as 
diverse as humans and fl ies. Moreover, the pattern of bands in a chromosome 
has remained unchanged over long periods of evolut ionary time. Each human 
chromosome, for example, has a clearly recogn izahle counterpari with a nearly 
identical handing pattern in the chromosomes of the chimpanzee, gorilla, and 
orangut an-although t here are also clear differences, such as chromosome 
fusion, that  give t he human 46 chromosomes ins tead of the ape's 48 (Figure 
4-57). This conservation suggests tha1 chromosomes are organized into large
domains t h a t  may be import a n t  for chromosomal funct ion.

Even t he  t h innes t of the bands in Figure 4-1 1 prohably contains more 1han 
a mill ion nuclemide pairs, which is nearly 1he size of a bacterial genome. These 
bands seem 10 renect a rough division of chromosomes in to regions ot different 
Ge content. The nucleotide sequence of t he human genome has revealed large 
non-random blocks of seq 11ence (some greater than 1 07 nucleotide pairs) 1ha1 
are sign ifican tly higl1er 01 lower in GC content than the genome-wide average 
of 4 1%. The blocks correlate roughly with the staining pattern of metaphase 
chromosomes. For example, bands that are darkly stained by Giemsa (the so­
called G -bands) are correlated with ONA that is low in  GC content, whereas 
l ightly stained bands (the H-bands) correspond 10 DNA of higher than average 
Ge Con tent. 

In genera l ,  GC- rich regions of the genome have a higher density of genes, 
especially of " house-keeping" genes, the genes that are expressed in virtually all 
cel l types. On the hasis of these observations, it has been proposed tha t  the 
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Figure 4-S7 Comparison of the 
Giemsa pattern of the largest human 
chromosome (chromosome I) with 
that of chimpanzee, goril la. a.nd 
orangutan. Comparisons among the 
nainlng patterns of atl the chromosomes 
indicate that human chromosomes are 
more closely related to those of 
chimpanzee than to those of gori l la and 
that they are more distantly related to 
those of orangutan. (Adapted from 
M.W. Stnckberger. Evo lution, 3rd edn.
Sudbury, MA: Jones & Bartlett
Publ ishers. 2000.)
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Figure 4-58 The polarized orientation of ch romosomes found in 
certain interphase nuclei . (A) Fluorescent hght micrograph of interphase 

nudei from the rapidly growing root tip of a plant. Centromeres are stained 
green a.nd teteomeres red by ,n sn:u hybnd11auon of centromere• and 
telomere-spec1fic DNA sequences coupled to the different fluorescent dyes. 
(B) Interpretation of (A) showing chromosomes in the Rab I oricntat1on with 
al l the centromeres facing one side of a nucleus and all the telomeres 
pointing toward the opposite side. (A. from R.Abranches et al..J. Cell 810/. 
1 43 :5- 1 2, 1 998. © The Rockefeller University Press.) 

banding pattern may be rela1ed 10 gene expression. Perhaps the differen 1 iation 
of chromosomes imo G- and R-hands rellects sub1 le  d i fferences, determined hy 
GC content, i n  the way in which chromatin loops are packaged in t hese areas. 1 r  
this idea i s  correc t ,  t h e  rough division o f  chromosomes can b e  seen a s  a form of 
companmentalizat ion,  in which the particular cellular components involved in 
gene expression are more concen t rated in the R-bands where their activi1jes are 
required . In any case, i t  should be ob\·ious from this d i scussion 1ha1 we are on ly 
beginn ing to glimpse the pr inc iples of large-scale ch romosome organ ization. 

I nd iv idual Chromosomes Occupy Discrete Territories 
in  an lnterphase Nucleus 

We saw earlier in t h i s  chapter t h at chromosomes from eucaryotes are contained 
in 1he cel l  nucleus. I lowever, 1 he  nucleus is no1 simply a hag of chromosomes; 
rather, the chromosomes-as well as the other components inside the nucleus 
which we shall encounter in subsequcm chap1ers-are h ighly organ ized . The 
wav in  which ch romosomes a re organized in 1he nucleus during i 1 1 1erphase, 
when 1 hey are active and difficull 10 see, has imrigued h iologis1s since 1he nine-
1een 1h  century. Al 1 hough our unders1anding 1oday is far from complete, we do 
know some interest in� features of these chromosome arrangements. 

A certain degree of  chromosomal order results from the conligura I ion that 
the chromosomes a lways have at the end of mi losis. Just before a cell divides, 
rhe condensed chromosomes are pulled ro each spindle pole by microtubules 
attached to the cent romeres; thus, as the chromosomes move, the cen1 ro1neres 
lead 1 he way and ,he distal arms (termina1 ing in 1he telomcres) lag hehind .  The 
chromosomes in some nuclei tend to retain th is so-called Rabi orientation 

t h roughmn in terphase, with their centromeres facing onL' pole of the nucleus 
and their 1elomeres point ing 10ward the opposi1e pole (Figures 4-58 and 4-59). 
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RELAXED 
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(8) recently divided pairs of nuclei 

Figu,.e ◄-59 A polymer analogy for 
inter-phase chromosome 

organization. (A) The behavior of a 

polymer in solution. Entropy d rives a lo , g 
polymer into a compact conformation in 
the absence of an externally applied force 
If the polymer is subjected to shear or 
hydrodynamic force, it becomes extended 
But once the force ,s removed, the 
polymer chain returns to a more 
favorable. compact conforrnauon. {B) The 
behavior of interphase chromosomes m.1y 

reflect the same simple principles. In 
Drosophila embryos. for example. mitotic 
divisions occur at intervals of about I 0 
minutes: during the short intervening 
1nterphases, the chromosomes have I u:e 
time to relax from the Rabi orientation 
induced by their movement during 
mitosis. However, in later stages of 
development. when interphase I s much 
longer, the chromosomes have time to 
fold up. This folding may be strongly 
affected by specific associations between 
different regions of the same 
chromosome. (Adapted from A.F. 

Dernburg et .11., CeH 85:7◄5-7S9, 1 996.) 

F igu,.e 4-60 Selective "'painting" of two inte.-phase chromosomes 
in a human peripheral lymphocyte. The fluorescent hght micrograph 
shows that the two copies of human chromosome 18 (red) and chromosome 
19 (turquoise) occupy discrete territories of the nucleus. (From J.A. Croft 
ct al . .J- CeH Biol. 1 -45 : 1 1 1 9- 1 1 3 1 ,  1 999. ©The Rockefeller Umvermy Press.) 

The ch1 omosomes in  most in lerphase cel ls are noI fm1 nd in the Rabi orien -
1ation; i n s1 ead, the cen tromeres seem to be dispersed in t he nucleus. Most cells 
have a longer interphase 1 han lhe specialized cells i l lus 1 ra 1e<l above, and this 
presumably gives their ch romosomes t ime to assume a d i fferent conformat ion 
(see Figure 4-59). Nevertheless. each interphase chromosome does rend 10 
occupy a discre te  amt rela t ively smal l territory in the nucleus: t hat is, 1he cJi ffer­
en i chromosomes are 1101 extensively intertwined (Figure �)-

One device for organizing chromosomes in 1he nucleus may be t he auach• 
ment of certa in portions of each chromosome to 1 hc nuclear envelopt"' ( rigure 
4-6 1 ) .  For example, in many cells, te lomen:s seem hound in t h is \Yay. Bu t  1he 
exact pos i t ion of a chromosome in a nucleus is nor fixed. In the same 1 issue, for 
example, two apparen t ! }  identical cel l s  can have different chromosomes as 
nearesl neighbors. 

Some cell h iologis 1 s  believe that t here is an in t ranudear t ramework, analo­
gous to the cytoskeleton ,  on  which ch romosomes anti other components of the 
nucleus are organized . The nuclear 11,ntrix, or scoffolrl, has been defined as the 
insoluble material left in the nucleus after a series of biocht•micaJ extraction 
s1eps. Some of 1he proteins 1ha1 cons1 i 1 u 1 e  ii can he shown 10 h ind specific DNA 
sequences called SARs or MARs (scaffold-associa1ed or ma1r ix-associa1ed 
regions) . These DNA sequences have been pos1u la1ed IO form 1 he base of chro­
mosomal loops (see Figure 4-44), or to attach chromosomes 10 the nuclear 
envelope and 01her srruc1ures in the nucleus. By means of such chromosomal 
auachmen t s i 1es, the mat r ix might help 10 organ ize chromosomes, local ize 
genes, and regu la1e gene expression and DNA repl ica1ion. h st i l l  remains 
uncertain ,  however, whether the matrix isolated hy cell biologists represents a 
structure that is present in in ract cells. 

Summary 

Chromosomes are generally deco11de11setl during ill rerphase, so that their structure 
is difficult to visualize directly. Notable exceptions are I/te specializer/ lampbrush 
chromosomes of11er1ebraleoocytes a11d the f'Olyle11e chromosomes in the giant secre­
tory cells of i,rsecls. Studies of these two 1r,,es of i,,terµhase chromosomes suggest 
tlra1 each long DNA 111olec11le ;,, a chromosome is divided iulo a large 1 1 1 1 1 1 1ber of dis­
crete domai11s organized as loops of chromatin, each loop probably co11sisli11g of 11 
folded 30-11m chromatin fiher. l.V11e11 genes contained in a loop are expresser/, /he 
looµ deco,ulenses and allows the cell's machiue,y easy access to Ille DNA. 

E11chromati11 makes u11 most of interphase chromoso111es and proba/Jly corre­
sponds lo looped domaitts o/30- 11 1 1 1  fibers. lloweve1� eucllromati11 is interrupted by 
stTtUcl,es of hererochromatin, in which 30- 11111 fibers are subjectetl 10 mltlitional /ev­
el.s of packing tltal us1111/ly render ii resista 1 1 1  to gene ex11ressio11. Hetrroclrromalin is 
con,monly fowui nro11nd ce11tro111eres mu/ 11(•t1r telomeres, but ii is aLw µresent at 
other positions 011 chromosomes. Although considerably less co11de11sed tluw mitotic 
chromosomes, i 1 1 terµlwse cft,.omosomes occ11JJY discrete territories in the cell nucle­
us; that  is, they are not tu·te11sively i11tertwi11ed. 

All Cliro111oso111es adopt a highly comlensetl co11/ormatio11 during mitosis. W11e11 
lhey are specially stni1 1ed, these 1 1 1 i totic chromosomes hm1e a banding structure that 
allows each i11di11itl11al chromosome to be recogniud mu1111/Jig1101 1sly. These bands 
con tain millions of DNA 11 1,cleoride pairs. and they reflect a poorly�1111derstood 
coarse heterogeneity of chromosome structure. 

T 1E GLOBAL STRUCTURE OF CHROMOSOMES 

S µm 
Figu,.e 4-6 1 Specific regions of 
inte.-phase chromosomes in close 
proximity to the nuclear envelope. 
This h,gh-resolution m1croscop1c view of 

nude, frorn a Drosophila emb,-yo shows 
the localization of two different regions of 
chrornosome 2 (yellow and magenta) close 
to the nuclear envelope (stained green 
with antilam1na anabod1es) . Other regions 
of the same chromosome are more 
distant from the envelope. (From 
W.F. Marshall et .11., Mo/. &ol. Cell 

7,82S-842. 1 996.) 
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D N A  RE P L I CAT I O N ,  

RE PA I R, A N D 

RECO M B I NAT I O N  

The abil ity of cells to maintain a h igh degree of order in a chaotic universe 
depends upon the accurate dupl icat ion of vast quan i i t ies of genet ic  information 
carried in chemical form as DNA. This process, called DNA replicmion, must 
occ\u before a cell can produce two genet ical l) identical daughter cells. Main­
taining order also requires the continued surve i l lance and repai r  of this genetic 
information because DNA inside cells is repeatedly damaged by chemicals and 
radiation from the environment, as well as by thermal accidents and reactive 
molecules. In th is  chapter we describe the prote in mach ines that  repl icate and 
repair the cel l 's DNA. These machines catalyze some of t he most rap id  and accu ­
rate processes t hat  t ake place with in cells, and the i r  mechanisms clearly demon­
strate the elegance and efficiency of cellular chemis try. 

. Wh ile 1 he shor t - term survival of a cell can depend on prevent i ng changes in 
Its DNA, the long-term survival of a species requires that DNA sequences be 
changeable over many generations. Despite the great efforts that cel ls make to 

protect their  DNA, occasional changes in DNA sequences do occur .  Over t i me, 
these changes provide the genetic variation upon which selection pressures act 
during the evolution of organisms. 

We begin t l1is chapter with a brief discussion of the changes that occur in 
DNA as i t  is passed down from generation to genera t ion .  Next, we discuss the 
cellular mechanisms-DNA replication and DNA repair-that are responsible 
for keeping these changes to a minimum. Final ly, we consider some of t  he most 
imrigu ing ways in which DNA sequences are a l t ered by cells, wit h  a focus on 
DNA recombination and the  movement of special DNA sequences in our chro­
mosomes called transposable elements. 

TH E MAI NTENANCE OF DNA SEQUENCES 
Although the long-term survival of a species is enhanced hy occasional genetic 
changes, the survival of the individual demands genetic  stability. Only rarely do 
the cell's DNA-main 1enance processes fai l ,  resulting in  permanent change in the 
DNA. Such a change is cal led a mutat ion, and i t  can dest roy an organism if i t  
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DNA REPLICATION MECHANISMS 

THE INITIATION AND 
COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES 

DNA REPAJR 

GENERAL RECOMBINATION 
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MANIPULATING PROTEINS, 

DNA, AND RNA 

Progress in scit•nce is often driven by advances in technology. Biology. for exam­
ple, entered a new era when Anton van Leeuwenhoek, a Dutch dry-goods dealer, 
ground the first microscope lens. Peering into his mar\'elous new looking glass, 
\an Leell\\enhoek disco\ered a pre\iously unsettn rellular world. whert• tiny 
creatures tumble and t\Virl in a small droplet of \\'ater (Figure B-1 ). 

The 21 ' 1 century promises to be a particularly exciting timt' for biology. New 
methods for analyzing proteins, DN.\. and RNA are fueling an information 
explosion and allowing scientists to study cells and thf'ir macromolecules in prt•· 
viously unimagined ways. \'Ve now have access to the sequenct•s of man) billions 
of nucleotides, providing the complete molecular blueprints for dozens of 
organisms-from microbes and mustard weeds to worms, nies, and humans. 
,\nd powerful new techniques art• helping us to deci1,her that information, 
allowing us not only to compile huge, dl'tailed catalogs of genes and proteins, 
but to begin to unnl\·el ho\, these components work together to form functional 
cells and organisms. The goal is nothing short of obtaining a complete under­
standing of what takes place inside a cell as it responds to its environment and 
interacts with its neighbors. We want to know which genes are switched on, 
which mRNA transcripts are present. and which proteins are active-where they 
are located. vvith whom they partner, and to which pathways or networks they 
belong. We also want to understand how the cell successfully manages this stag­
gering numbt•r of variablc>s and how it chooses among an almost unlimited 
number of possibilities in performing its di\'erse biological tasks. Possession of 
such information "ill permit us to begin to build a framework for delineating. 
and eventually predicting. ho\, genes and proteins operate to lay the founda­
tions for life. 

In this chapter we briell) review some of the principal methods used to 
study cells and their components, particularly proteins, DNA. and RNA. We con­
sider how cells of different types can be separated from tissues and grown outside 
the body and how cells can be disrupted and tlwir organelles and constituent 
macromolecules isolated in pure form. We then review the breakthroughs in 
rt'combinant DNA technology that continue to revolutionize our understanding 
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of cel lular function. Fina!lv we present the latest 1echniques used to determine 
the st ructures and functiOns of proteins and genes, as wel l as 10 dissect t he i r  
complex interactions. 

This chapter serves as a b ridge from the basics of cel l and molecular biology 
10 t i l e  detai led discussion of how t hese macromolecu les a re organized and 
funct ion lOgethcr to coordinate the growth, development ,  and phys iology of 
cel l s  and organ isms. The t echn iques and methods desc ri bed here have made 
possible t he discoveries that are presented throughout t h i s  book, and they are 
curren t_ly being used by tens of thousands of scien tists each day. 

ISOLATING CELLS AN D GROWING THEM 

I N  CULTURE 

Al though the organelles and large molecules in  a cel l can he visual ized with  
microscopes, understanding how t hese componen t s  l unct ion requ i res a 
c le tu i led biochemical analysis. Most b iochemical procedures requ i re obtaining 
large numbers of cells and then physically disrupting them to isola te their com­
ponents. If the sample is a p iece of t i ssue. composed of d i fferent t ypes of cel ls , 
heterogeneous cell populations will be mixed together. To obtain as much infor­
mat ion . is possible about an individual cell type, biologists have developed ways 
of cl issocia1 ing cel ls from t issues and separating 1hc  various t)· pe!-i. ·1 hesc-- manip­
ula ,  ions resu l t  in a relatively homogeneous population of cells tha t  can then  be 
analyzed-ei ther directly or after their number has been grea tly increased by 
allowing t he  ce l ls  10 prol i ferate as a pure cul ture. 

Cel ls  Can Be Isolated from a Tissue Suspension and 
Separated into Different Types 

The first s tep in  isolat ing cells of a uniform type from a t issue that conta ins a 
mixture of cel l  types is 10 disrupt the ext racellular matrix that holds the cells 
together. The best yields of viable d issociated cel ls are usually obta i ned l rom 
fetal or neonatal t issues. The t issue sample is  typically treated wi t h  proteoly 1 i r  
enzymes (such as trypsin and  coll agenase) 10  d igest proteins in the ext race l l u l a r  
matrix and wi th agents (such as ethylenediaminetetraacetic acid ,  o r  EDTA) tha t  
bind , or chelate, the Ca2+ on wh ich ccl l-n• I I  adhesion depends. The t i ssue can 
then be teased apart i n to  single l iving cel ls by gen t le agitat ion. 

Several approaches are used to separate the different cell types from a m ixed 
cell suspension .  One exploi ts  differences in physical properties. Large cel ls can 
be separated from small cells and dense cells from light cells by centrifugat ion, 
for example. ·1 hese techn iques wil l  be described below in connection wi th the 
separation of organel les and macromolecules, for which they were origi nal ly 
developed. Another approach is based on the tendency of some cel l  types to 
adhere strongly 10  glass or plast ic ,  which allows them to be separated from cel ls 
that adhere less s t rongly. 

An impor tant  relinemeni of this last technique depends on t he specific 
bind ing propert ies o f  an t i bod ies. Antibodies that b ind specifically to the sur lace 
of only one cell type i n n t i ssue can be coupled to various matrices-such as col� 
lagen, polysaccharide beads, or plastic-to form an affinity surface to which 
only cells recognized by the antibodies can adhere. I he bound cel ls are then 
recovered by gent le shaking, by treatment with t rypsin  to digest the proteins that 
mediate the adhesion, or, in the case of a d igest ible matrix (such as collagen), by 
degrading the matrix itself with enzymes (such as coll agenase) . 

One of the most sophis t icated cel l-separat ion t echnique uses an antibody 
coupled 10 a fluorescent dye to lal>el specific cells. The labeled cells can then be 
separated from the unlabeled ones in an electro 1 1 ic  j111oresce11ce-ac1i11ated cell 
sorrer. In this remarkable machine, individual cel l s  t raveling single file in a fine 
s t ream pass through a laser !,cam and the fluorescence of each cell is rapidly 
meas11 red. A vibrating nozzle generates t i ny droplets, most containing either 
one cell or no cells. 1 he droplets containing a single cel l  are automatically given 
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Figure 8- 1 Mic,-oscopic l ife. A sample 

of "diverse animalcules" seen by v,m 
Leeuwenhoek using his simple 
microscope. (A) B:-icter1a seen in material 
he exc3vated from between his teeth. 
Those in fig. 8 he described as "swimming 
first forward and chen backwards·· ( 1 691) 
(B) The eucaryotic green alga Volvox 
( 1 700). {Courtesy of the John Innes
Foundation.) 
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a posit ive or a negative charge at the moment of formation, depending on whether 
the cel l I hey contain is fluorescent; they are then deflected by a strong electric field 
into an appropriat e  container. Occasional clumps of cells, detected by their 
increased light scattering, are left uncharged and are discarded into a waste con­
tainer. Such machines can accurately select 1 fluorescent cell from a pool of 1000 
unlabeled cells and son several thousand ce11s each second (Figure 8-2 ) .  

Selected cel ls can also be obtai ned by  carefully dissect ing t hem from thin 
tissue sl ices that have been prepared for microscopic examinat ion (discussed in  
Chapter 9) . I n  one  approach, a t i ssue section is coa t ed w i th  a th in plastic film 
and a region containing the cel l s  of i n t erest is irradiated wi th a focused pulse 
from an infrared laser. I his light pulse melts a small circle of the film, binding 
the cel l s  underneath. 'I hesc captured cells are then removed for further analysis. 
The technique, called laser capture microdissection, can he used to separate and 
analyze cel ls from different areas of a tumor, allowing their propert ies to be 
compared. A related method uses a laser beam to direct ly cut out a group of cells 
and catapult them into an appropriate container for future ana lysis (Figure 8-3) . 

thin section of 
organ containing 
tumor 

Qlass microscope s l ide 

laser beam cuts around 
region of in terest 
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into conta iner 

F igure 8-2 A fluorescence-activated 
cel l sorter.A cel l passing through the 
laser beam is monitored for fluorescence. 
Droplets containing single cells are given a 
negative or positive charge. depending on 
whether the cell is fluorescent or not. The 
droplets are then deflected by an electric 
field into collection tubes according to 
their charge. Note that the cel l 
concentration must be adjusted so that 
most droplets contain no cel ls and flow to 
a waste container together with any cell 
clumps. 

Figure 8-3 Microdissection 
techniques allow selected cells to be 
isolated from tissue slices. This 
method uses a laser beam to exClse a 
region of interest and eject it into a 
container, and 1t permits the isolation of 
even .i single cell from a tissue sample. 
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Once a uniform populat ion of cells has been ob ta ined-by m icrodissl·'Ction 
or by any of the separation met hods just described-i t  can be used d i rect ly fot 
b iochemical analysis. A homogeneous cell sam 11 le also provides a starting 
material for cell culture, thereby allowing the number of cells to be greatly 
increased and their complex behavior to be studied under the strictly defined 
conditions of a culture dish. 

Cel l s  Can Be Grown in a Culture Dish 

Given appropria1e surrou ndings, mos t  p lan t  and an imal cel ls can  l ive, mu l t iply, 
and even express differentiated properties in a tissue-culture dish. The cel l s  can 
be watched continuously under the microscope or anal yzed biochemically. and 
the effects of adding or removing specific molecules, such as hormones or 
gro\\'th fac101s ,  can be explored. I n  addi t ion, by mixing two cell  types, the in ter­
actions between one cell rype and another can he s1 1 1d ietl . Experimen ts  per­
formed on cultured cells are somet imes said 10 be carried out i11 vi/l"o ( l i terally, 
''in glass") to contrast them with experiments using in tact organisms, wh ich are 
said to be carried our i11 vivo ( li t erally, " i n  the l iving organism") . These terms can 
be confusing, however, because they are often used in a vel'y different sense hy 
b iochemists. In 1 he  biochemistry lab. in uitro refers to reactions carried out in a 
test tube in t l t e  a ltsence of l iving cells, whereas in vim refers to any react ion tak­
ing place i nside a l iving cell (even cells that are gro1ving in culture) . 

Tissue cul ture began in 1 907 ,vith an experiment designed to sett le a con t  ro­
versy in neurobiology. The hypothesis under examination was known as the neu ­
ronal doctr i ne, wlticlt states that each nerve fiber is t he outgro"�h of a single 
nerve cell and not tlw product of t lte fllsion of many cells. lb test this contention , 
small pieces of spinal  cord were placed on clotted tissue tluid in a warm, moist 
chamber and observed at regu lar interwr l s  under the microscope. After a day or 
so, individual nerve cells could be seen extending long, th in filaments into the 
clot. Thus the neuronal doctrine received s r rung support , and  the foundations 
for the cell-culture revolution were la id .  

The original experiments on nerve l i bers used cu l t u res of smal l  t i ssue frag­
ments called explants. Today, cultures a re more commonly made from suspen ­
sions of cells dissociated from tissues us ing the methods d t'scrihed earl ier. 
Un l ike bacteria, most tissue cells are not adapted to l ivi ng in  suspension and 
require a solid surface on which to grow and divide. For cel l cu l tures, th is sup­
port is usually provided by the surface of a plastic t issue-cu l t u re dish .  Cells vary 
in their requirements, however, and many do not  grow or d itlerent iate unless 
t he culture dish is coated with  specific extracellular mat rix com ponen ts, such 
as collagen or laminin. 

Cultures prepared directly from the t issues of an organ ism, t ha t  is. w i t hout  
cel l  proliferation in 1Jitro, are called primary c11/tures. These can be made with or 
wi t hou t  an init ial fract ionation step to separate different cell types. I n  most 
rrn.;es, cells in primary cu l tures can be removed from the cu l t u re dish and made 
to proliferate to form a large number of so-called secondary cultures; in this way, 
t hey may be repeatedly subcultured for weeks or months. Such cel ls often dis­
play many of the different iated properties appropriate to their origin: fibroblasts 
cont inue to secrete collagen; cells derived from embryonic skele ta l  muscle fuse 
to form muscle fibers that contract spon taneously in the cultu re dish; nerve cells 
extend axons that are electrically excitable and make synapses with o t her nerve 
cel ls; and epithel ial cells form extensive shee t s  1vith many of the properties of an 
in tact epithelium (l' igure 8-4) . Because these phenomena occur in culture, they 
me accessible ro study in ways that are often not possible in intact t issues. 

Serum-free, Chemical ly Defined Media Permit Identification 
of Specific Growth Factors 

Un t i l  t he early 1 970s t issue culture seemed a blend of science and witchcraft. 
Alt hou�h lluid clots were replaced by dishes ofliquid media containing specified 
quant i t ies of small molecules such as salts, glucose, amino acids, and vi tamins, 
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Figure 8-4 Cells in cu lture. (A) Phase-contrast micrograph of fibroblasts 
in culture . (B) Micrograph of myoblasu in culture shows cells fusing to form 
multinucleate muscle cel ls. (C) O!igodendrocyte precursor cells in culture. 
(D) Tobacco ce l l s ,  from 3 fast-growing immortal ce l l  l ine ca l led BY2, in l iquid
culture . Nuclei and vacuoles cun be seen in these cells. (A. courtesy of
Daniel Zicha: B. courtesy of Rosal ind Zalin; C. from D.G.Tang et al . .J. Cell 810/. 
I 48:97 1 -984, 2000. © The Rockefel ler University Press: D. courtesy of
Gethin Roberts.)

most media also included ei ther a poorly defined mixture of macromolecules in 
the form of horse or fetal calf serum, or a crude ext ract made from chick 
embryos. Such media are sti l l  usc•d today lbr most  routine cell culture (Table 
�I), but they make it difficult for th, •  i nvest igator to know which specific 1t1acro­
molecules a particular rype of cell requi res to thrive and to function normally. 

Th is d ifficu l ty  led to the develop1t1cn 1  of various serum-free, chemicallv 
defined media. In  addition to the usual small molecules, such defined media 
contain one or more specific proteins that the cells requ i re to  survive and prolif 
erate in cul ture. These added proteins include growth factors, which stimulate 
cell proliferation, and t ransferrin, which can ies i ron i n to  cel l s. Many or the extra-
cellular protein signal ing molecules essential for the su 1vival ,  development, and 

TABLE 8- 1 Composition of a Typical Medium Suitable for the Cultivation of Mammalian Cells 

AMINO ACIDS 

Arginine 
Cystine 
Glutamine 
Hist idine 
lsoleucine 
Leucine 
Lysine 

Methionine 
Phenylalanine 
Threonine 
ltytophan 
Tyrosine 

VITAMINS 

himin 
choline 
folate 
nicotinam ide 
pantothenate 
pyridoxal 
thiamine 
riboflavin 

Valine ____ _ 

SALTS MISCELLANEOUS PROTEINS (REQUIRED IN SERUM-FREE. 
CHEMICALLY DEFINED MEDIA) 

NaCl glucose insul in 
KC! penici l l in transferrin 
Na l t, PO 1 streptomycin specific growth factors 
Na l tCO, phenol red 
CaCI, whole serum 
MgCl2 

Glucose is used at a co11centra1ion of 5-JO mM. Tl1e amino i1cids are all in thL' L form and. with one or 1wo exceptions, arc used at 
concentrations of 0.l or 0.2 mt.I: vi1amins are used at a 1 00-fold lower concentra i ion. that is, about 1 �LM . Scrum, whlch is usually trom 
horse or calf. is added 10 make up 10% of the total volume. Pen icill in and sIrcp1 umyc in  are an1ibiotics added to suppress thl' growtl1 of 
bacteria. Phenol red is a pH indicator dye whose col.or is 1noni1orec.l to ens,m• ;i pH of about 7.4. 
Cultures arc usually grown i11 a plastic or glass conrnincr with a sui 1ably prepared surf at(' that allows the a1 t11chment of cells. The 
containers are kept i11 an i nc11l1 : 1 1or aI 37"C in an atmosphere of 5% CO2, 95% air. 
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proliferation of specific cell types were discovert•cl by stud ies seeking m inimal 
condit ions under which the cell type behaved proprrly in culture. Thus, the 
search for new signaling molecules has been made much easier hy the avai l ­
ability of chemically defined media .  

Eucaryotic Ce l l  L ines Are a Widely Used Source 
of Homogeneous Cells 
Most vertebrate cells stop divid i ng a l ter a finite number o l  cell dh  isions in  cul ­
ture, a process called cell se11esce11ce (d iscussed in Chapter 1 7) .  Normal human 
fibroblasts, for example, typical ly divide only 25--40 t imes in culture before they 
stop. In these cells, the limited pro l i fera t ion capacity reflects a progressive short ­
ening of the cel l 's tclomeres, the repet it ive DNA sequences and associated pro­
teins that cap the ends of each chomosome (discussed in Chapter 5) . Human 
somatic cells have turned off the enzyme, called 1e/011 1cra.se. thu t  normally main ­
tains the telomeres, which is whv thei r telomeres shorten w i t h  each cell d iv is ion. 
l luman fibroblasts can be coax�d to pro l i ferate indefinite ly by providing t hem 
with the gene rhat encodes the catalytic subunit of telomerase: they can then he
propagated as an  " immorralized" cell line.

Some hu 1m111 cells , howeve , ,  are 1101 immorraJized hy th is  trick. �)though 
their telomeres remain long. they still stop dividing after a l i 1 11 i 1ed number of 
divisions because the culture conditions activate cell-cycle clteckpoint 1 1 1eclta-
1 1 is111s (discussed in Chapter 1 7) tha1 arrest 1he cell cycle. In order to immortal ize 
these cells , one has to do more than i ntroduce tclomcrasc. One must also inac-
1 iva1e the checkpoi n t  mechanisms. which can be done by int roducing cerrain 
cancer-promo1 i ng  oncogenes derived from tumor vi ruses {discussed in Chapter 
23). Unl ike human cells, most rodent cel ls do 1101 turn off 1elonwrase and there­
fore their telomeres clo not shorten with each cell division . In addit ion, rodent 
cells can undergo genet ic changes in cul tu re that inact ivate 1heir checkpoi111 
mechanisms, 1hereby spontaneously producing immortalized cell lines. 

Cell lines can often be most easi ly generated from cancer cells, but these 
cells differ from those prepared from normal cel ls in several ways. Cancer cell 
lines often grow without attaching to a surface, for example, and t hey can pro­
l i leratr to a very much higher density i n  a cul t u re d i sh. Similar propert ies can he 
i nduced exper imentally in normal cells by transforming them with a tumor­
i nducing virus or chemical .  The resulting t ransformed cell l i nes, in rec iprocal 
fashion, can often cause tumors if injected in 10 a susceptible animal .  Both trans­
fo rmed and immortal cell lines are extremely usefu l  in cell research as sources of 
vet') large numbers of cells of a uniform type, especial ly since they can be stored 
in l iquid n i t rogen at - 1 96°C for an indefini te period and ret a in  their viabil i ty 
when Lhawed. It is importam to keep in mind, however, that the cells in both 
t ypes nf cel l lines nearly a lways differ in important ways from their normal pro­
gen i t ors in Lhe tissues from which they were derived. Some widely used cel l  l ines 
are l is ted in Table 8-2. 

Among the most promising cell cultures to be developed-from a medical 
point of view-are the hu man embryonic stem (ES) cell l ines. These cells, har­
vested from the inne1 cell mass of the early embryo, can prolifera te i ndefini te ly 
\<\'hi le retaining the abil ity to g ive rise to any pa rt of the body (disn1ssed in Chap­
ter 21 ) .  £S cel ls could potential ly revolutionize medicine by providing a source 
of n•I I, capable of replac ing or repairing t i ssues that have been damaged by 
in jury or disease. 

Al t hough all the cells in a cel l line are very simi lar, they arc of1en not identi­
cal. The genetic uniformity of a cell line can he improved by cell cloning, in 
which a single cell i s  isolated and al lowed 1 ,, prol iferate' to form a large colon}.  In  
such a colony. or clone, a l l  the cells are descenclams of  a single ancestor cel l .  One 
of the mos, importan t uses o f  cel l c loning has l>c·cn 1he isolat ion of mutant cell 
l ines " ith defects i n  specilic genes. Studying cel ls that are defective in a specific 
protein often reveals va lual> le i n formation about thl' func1ion of that prO le in  in 
normal cel ls. 

Some important s1eps in 1he development of cell culture are listed in l'ahle 8-3. 

474 Chapter 8 : MANIPULA~tNG PROTEINS. DNA.  AND RNA 

TABLE 8-2 Some Commonly Used Cel l  Lines 

CELL LINE' 
3T3 
BI I KZ I  
MDCK 

HeLa 

PtK I  
L6 
PC12 
SP2 
cos 
293 
CHO 
DT40 

RI 
El4. I 
I l l ,  H9 
S2 
BY2 

CELL TYPE AND ORIGIN 
l ' i brohlast (mouse) 
fibroblast (Syrian hams ter) 
epithelia l cell (dog) 
epi1helial cell (human) 
epithelial cell (ra1 kangaroo) 
myoblast (rat) 
chromaffin cell (rat) 
plasma cell (mouse) 
kidney (monkey) 
kidney (human); transformed with  adenovirus 
ovary (chiuese hamster) 
lymphoma cell for efficient targeted 

recombi1 i ::t t ion (chick) 
embryonic siem cells (mouse) 
embryonic stem cells (mouse) 
embryonic s tem cells (human) 
macrophage-like cells (Drosophila) 

undifferent iated meristematic cells (tobacco) 
•Many of theSl' cell lines were derived from tumors. All of 1hem are capable of indefini 1c
replication in cul1urc and L':(press at 1e,1s1 some ot the special cl1arnl'tl'ris1ics of 1 hcir cel l of 
origin. BHK2 I cells, I le La cells, and S1'2 cel ls are capable of efficie11 1 growth in suspensio11;
rnos1 of the 01her cell Imes require ;i solicl n 1 1 tur� substratum in nrd(•r u> rnllhip ly. 

Cel l s  Can Be Fused Together to Form Hybrid Cel l s  

I t is possible to ruse one cell with another t o  form a heterocaryon, a combined 
cell with two separate nuclei. Typical ly, a suspension of cells is t reated with cer­
ta in inactivated v irusl's or with polye t hylene glycol, each of which alters the 
plasma membranes or cel ls in a way that induces them to fuse. I leterocaryons 
provide a way of m i x i ng the components of two separate cells in order to study 
their interactions. ·1 he inert nucleus of a chicken red blood cell, for example, is 
reactivated to make RNA and eventually to repl icate its DNA when i t  is exposed 
to the cytoplasm of a growing tissue-cul ture cell by lusion. The first direct evi ­
dence that membra1w p 1 0 1 eins are ahle to move in the plane of the p lasma 
membrane (discussed in Chapter 10) came ! rum an experiment in which mouse 
cells and human cel ls Wl'n' fused: al though t he  mouse and human cel l -surface 
proteins were initially confined to their own halves of the heterocaryon plasma 
membrane, t hey qu ickly diffused and mixed Ol'er the entire surface of the cell .  

Eventually, a heterocaryon proceeds to mi tosis and produces a hyb rid cell in 
which the two separate nuclear envelopes have been disassembled, a l lm\ ing all 
the chromosomes to be brought together in a single large nucleus ( f' igure 8-5). 
Although such hybrid cells can be cloned to produce hybrid cell l ines, t he cells 
tend to lose chromosomes and are therefore genet ically unstable. Fo r unknm-vn 
reasons, mouse-htunan hybrid cells predominantly lose human chromosomes. 
These chromosomes are lost at random. giving rise to a variety of mouse-human 
hybrid cel l  lines. each of which contains only one or a few human chromo­
somes. This phenomenon has been put ro good use in mapping the locations of 
genes in  the lrnman genome: only hybrid cells co11 1a ining human chromosome 
1 1 , for example, synthesize human insulin, indicat ing that the gene encoding 
insu l in is located on chromosome 1 1 .  I he same hybrid cells are also used as a 
source of human DNA to r p reparing chromosome-specific human DNA 
libraries. 
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TABLE 8-3 Some Landmarks in the Development ofTissue and Cel l  Culture 

1 885 Roux shows that embryonic chick cel ls can be main tained al ive in a sal ine solut ion outside the animal body. 

1 907 Harrison cult ivates amphibian spinal cord in a lymµh clot, t hereby demo11strat ing 1ha1 axons are produced as 
ex1cnsions of single nerve cells. 

1 9 10 Rous induces a tumor by using a filtered extrac1 of chicken tumor cel ls, later shown !o co11tain an RNA virus 
(rlous sarcoma virus) . 

1 9 1 3  Carrel shows tha1 cells can grow fo r  long periods i n  culture provided they a re  fed regularly under aseptic 
coml i t ions. 

1 948 Earle and colleagues isola1e single cells of 1he l cel l l ine and show 1ha1  they form clones of cells in t issue 
cultu re. 

1 952 Gey and colleagues establish a continuous line of cells derived from a human cervical carcinoma, which later 
become the well- known l-leLa cell Linc. 

1 954 Levi-MontaJcini  and associa1es show t.hat nerve growth fac1or {NGF) stimulates the growt h of axons in tiSSUl' 

culture. 

1 955 Eagle makes the first sysrematic investigation of the essential nutr i 1 ional requirements of ccl b - in culture anti 
finds that animal cel ls  can propagate in a defined mixture of smal l  molecules supplcmentl'd w i 1h  a small 
proport ion of serum proteins. 

1 956 Puck and associa tes select mutan ls with altered growth requirements from cuilures of f-lela cel ls . 

1 958 Tcmin and Hubin develop a quantitative assay for the infection of chick cc-11s in cul 1 1 1 re hy purified Rous 
sarcoma virus. I n  1hc following decade 1he characreriscics of t h is and other 1ypcs of viral 1rn 1 1sfornrnt1on a rl' 
es<ah l ished by Stoker, Oulbecco, Green, and other virologiscs. 

l 961 Hayflick and Moorhead show 1hat human fibroblasts clie after a finite numher o f  divisions in cul t u re . 

1 964 Li 1 t lelield introduces l lAl medium for the select ive growth of somat ic cel l  h} b1 ids. Tugc1 hr1 wi t h  the tech 1 1 iqut 
of cel l fusion, 1 his makes somatic- cell genetics accessible. 

Ka10 and Takeuchi ohtain a comple1c carrot plant from a singll' carrot roor cell in t issue cult ure. 

1 965 flam i n t roduces a defined, serum-free medium able to support the clonal grow1 h of cerwin mammalian cel ls. 

I larris and Watkins p roduce the first heterocaryons of manmrnlian cells by the , in is-induced fusion or hum:1 1 1  
and mouse cells. 

1 968 Augusti-Tocco and Sato adapt a mouse nerve cell tumor (neuroblastoma) to t i ssue culture and isolate clones 
that arc elcclric.illy exciwhle i1 nd 1ha1 extend nerve processes. A number of 01 hcr different ia ted cell l ines an• 
isolated at about lhis 1 ime, including skeletal muscle and liver cell lines. 

1 975 KOhler and Milstei 1 1  prod11cc the firsI monoclonal ant ibody-secreting hybridoma cl'll lines. 

1 976 Sato and associaIcs publish the first of a series of papers showing that different cell lines require different 
mix1ures of horinones and growth factors to grow in serum- t ree medium. 

1 977 Wlglcr and Axel and 1 l 1eir associa1es develop .in efficient method for introducing si ngle-copy mammalian 
genes in to  cul !ured cel ls ,  adapt ing an earlier mcchod developed by Graham and van der Eb. 

1 986 Marlin and Evans and col leagues isolate and cul ture pluripotcnt embryonic stem cells from mouse. 

1 998 Thomson and Gearhart and their associates isolate humnn embryonic srem cells. 

Hybridoma Cell Lines Provide a Permanent Source 
of Monoclonal Anti bodies 

In 1975 the development of a special type of hybrid ce l l  l i ne  revolution ized tJ1e 
production of an t ibodies ror use as tools in cell biology. The technique i nvolves 
propagating a clone or cel ls from a si ngle antibocly-secre< ing B lymphocyte so 
that a homogeneous preparation of antibodies can be obtained in large quan­
t ities. The p ractical problem, however, is that B lymphocytl'S normal l y  have a 
limited life· span in culture. To overcome this limitation. individual ant ibod)•­
producing B lymphoci t es from an immun ized mouse or rat are fused w i <h  cel ls 
derived from an "'immortal" B lymphocyte tumor. From the resul < ing heteroge­
neous mixture of hybrid cells, those hybrids that have both <he abili t y  <o make a 
particular anribody and the abil iryto m u l t i ply indefinit ely in culture are selected. 
These hybridomas are propagated as individual clones, each of which provides a 
permanent and stable source of a single <ype of monoclonal antibody (Figure 
8-6). This antibody recognizes a single type of ant igenic s i <c----for example, a 
pan icular cluster of five or six amino acid side chains on the surface of a protein .
Their uniform specificity makes monoclonal ant i bodies much more uselu l  for 
most purposes than convent ional an t ise ra ,  w l t ich general ly conta in a tn iXt l t re of
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antibodies that recognize a vari ety of diffcrcm antigenic sites on a macro­
molecule. 

The most important advantage of the hybridoma technique is that mono ­
clonal antibodies can be made against molecules that  const i tute only a minor 
component of a complex mixture. In an ordinary anI  iserum made aga ins t  such 
a mixture, the proponion of an tibody molecules that  recognize the minor 
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Figure 8-5 The production of hybrid 
cells. Human cells and mouse cel ls are 
fused to produce heterocaryons (each 
with two or more nuc lei), which 
eventually form hybrid cells (each with 
one fused nucleus). These particular hybrid 
cel l s  are useful for mapping human genes 
on specific human chromosomes because 
most of the human chromosomes are 
quickly lost in a random manner. leaving 
clones that recain only one or a few. The 
hybrid cells produced by fusing other 
types of ce l l s  often retain most of their 
chromosomes. 

Figure 8-6 Preparation of 
hybridomas that secrete monoclonal 
antibodies against a particular 
antigen. Herc the antigen of interest is 
designated as "antigen X." The selective 
growth medium used after the cell fusion 
step contains an inh ibitor (aminopterin) 
that blocks the normal biosynthetic 
pathways by which nucleotides are made. 
The cel ls must therefore use a bypass 
pathway to synthes ize their nucleic acids. 
This pathway is defoct,ve in the mutant 
cell line denved from the tumor, but it 1s 
intact rn the cells obtained from the 
immunized mouse. Because neither cell 
type used for the initial fusion can grow 
on its own, only the hybrid cel ls survive 
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component would be too small to be usefu l .  But  if the B l)'mphocy tes that pro­
duce the various components of this ant iserum are made into hybridomas, it 
becomes possible to screen individual hybridoma clones from the large mix tu re 
to select one that produces the desired type of monoclonal ant ibody and to 
propagate the selected hybridoma indefinitely so as to produce that antibody in 
un l imi ted quantities. In principle, tl1erefore. a monoclonal antibody can be 
made against any protein in a biological sample. 

Once an antibody has been made, it can be used as a specific probe-both 
10  t rack down and local ize its protein antigen and to purify that protein in order 
10  study its structure and function. Because only a small fraction of the est imated 
I 0,000 -20,000 proteins in a typical mammalian cell have thus far been isolated, 
many 1nonoclonal antibodies made against impure protein mixtures in  fracM 

t ionated cel l extracts identify new proteins. Wtth the use of monoclonal anti ­
bodies and the rapid protein ident ification methods we shall describe shortly, it 
is no longer d ifficult to identify and characterize novel proteins and genes. The 
major problem is instead 10 determine their funct ion, using a set of powerful 
tools that we d iscuss in the last sect ions of this chapter. 

Summary 
TI'ss11es can he dl.ssociated inlo tl1eir comµoue111 cells, from wllicli indi11id11al cell 
tyf)eS cm, he purified n11d usetl for biochemical analysis or for the establishment of 
cell cultures. M<lll} animal and p/n1 1 t  cells s1 , rvil 1e and proliferate iu a culture ,fish 
if 1/,ey are ,,ro,,ided i,,icl, a suiltlble metlium co11 tai11ir1g ,w1,;ents n11d specific /Jrorein 
grou,th factors. J\ltl,o,,gl, most a11i1 1 1nl cells die after a finite 111111 1ber of divisions, 
immortal cells tlwt llrise s1,011 ttmeousJy in culture-or are generated hy ndtli11g 
genes tit rough ge114>1ic ma11iµ11lt1tio11-C1m he mai11 tailled bulef111iteJ_v (IS cell lim•s. 
Clones ca11  be derived from a single a11cestor ce/1, making it possible to isolate uni� 
form populations of mutm1t cells 1'litl1 deft1c1s in a siugle pro1ei11. 7lr •o cells ca11  be 
fuserl to 11rod11ce l1e1eroct1ryo11s witl ,  two ,wdei, r11ahli11g i11temctio11s between 11 1£' 
compo11e111s of Il 1e origi11t1/ two cells to he examined. Heteroct1ryotts e11e11t11ally form 

hybrid cells will, a si11gle fuse,/ 111 1cle11 .. t. Bertwse sue/I cells lose chromosomes, they 
can provide a co11ve1 1 ie11 t method for assigning genes to specific chromosomes. One 
type of liy/Jrid cell, called a llyhrhloma, is widely employed to produce un limited 
q11n1 1 tities of 1111iform monoclonal a11tihodies, whicl, are widely used to detect and 
1mrify cell11lnr proteins. 

FRACTIONATION OF CELLS 

Although biochemical analysis requ i res d isruption of the anatomy of the cell, 
gen t le fractionation techniques have been devised to separate the various cell 
components while preserving their indivitlual funct ions. Just as a t issue can be 
separated into its l iving constituent cell types, so the cel l can be separated into 
its functioning organel les and macromolecules. In this section we consider the 
methods that allow organelles · 1 11d prote ins to be purified and analyzed bio­
chemically. 

Organe l les and Macromolecu les  Can Be Separated 
by Ultracentrifugation 
Cells can be broken up in  ,·arious ways: the) can be subjected 10 osmot ic shock 
or ul trasonic vibration. forced th rough a small orifice. or ground up in  a blender. 
These procedures break many of the membranes of  the cell ( including the plas­
ma membrane and membranes of the endoplasmic ret iculum) into fragments 
that immediately reseal to form small closed vesicles. If carefully appl ied, how­
ever. t.he disruption procedures leave organelles such as nuclei. mitochondria, 
the Golgi apparatus, lysosomes, and peroxisomes la rgely i ntact .  The suspension 
of cells is thereby reduced to a thick slurry Jcal led a l1011 1oge1111te or e.xtracr) that 
con tains a variety of membrane-enclosed organel les, each with a dis t inct ive 
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F igure 8-7 The preparative ultracen trifuge. The sample is contained in 
tubes that are inserted mto a ring of cylindncal holes in a metal rotor. Rapid 
rotation of the rotor gener:ites enormous centrifugal forces. which cause 
particles in the sample w sediment. The vacuum reduces friction, preventing 
heating of the rotor and allowing the refngerat1on system to maintain the 
sample at 4°C. 

size, charge, and density. ProvidPcl tha1 the homogenization med ium has been 
carefully chosen (by t ria l and error for each organelle), the various compo­
nents-including the vesicles derived from the endoplasmic ret iculum. called 
microsomes-retain most of the ir  original b ioche.mical properties. 

The different components of the homogena te  mt ts t  t hen he separated. Such 
cell fractionalions became possible only after the commercial development in 
the early 1 9'-I0s uf an i 11s1 rumen 1  known as 1 hc preI1amri11e 1 , !1mremrifuge, in 
which extracts of broken cells an· rotated at high speeds (Figure 6-7) . This treat­
ment separates cell compmtt:'n l s  by size and density: in genera l .  (he largest u nirs 
experience the largest centrifugal fon·,• and move the most rapidl). At relat ively 
low speed. large components such as nuclei sed iment to form a pellet at the bot­
tom of the centrifuge tube; at slight I )  h igher speed, a pel le t  ol m i tochondria is 
deposited; and at  even higher speeds and with  longer periods of centrifugation, 
first the small closed wsicles ;,nd then the ribosomes can be collected (r-igure 
8-8) . Al l of these fract ions are impure, hut many of the contaminants can be 
removed by resuspending the pellet and r<•peat ing the cen tri fugat ion procedure 
several t imes. 

Cen t rifugation is the first step in  most fract ionat ions, but i t  separntes only 
components that differ grca t l )• i n  size. \ fi ner degree of separ,, t ion can be 
ach ieved by layering the homogenate in a thin band on top of a dilute sah solu­
t ion that fills a centrifuge tube. When cen t rif11ged , the various  componen t s  in 
the mLxture move as a series of distinct hands 1hrou11h the salt solut ion, each at 
a d ifferent rate, in a process cal led 1,e/ocity sedi111e11 111 1 io11 (Hgu ie 8 9A) . �o r the 
procedure 10 work effect ively. the bands must he protectecl from convect ive mix­
ing, wh ich wou ld normally occur whenever a denser solu t ion (for example, one 
containing organelles) finds itself on top of a l igh ter one ( t ill' salt solu t ion) . ·1 h is  
is  achieved by filling the centrifuge t ube with a shallow grad ient o t  sunose pre­
pared by a special mixing device. The resul t ing clensity grad ien t-wi t h t he dcnst• 
end at the bottom of the tube-keeps each region of the sal t  solut ion denser 
than any solu t ion above it , and it thereby prevents convect ive mixi ng rrom d is­
ton ing t he separat ion. 

When sedimented through such dilute sucrose grad ients ,  d ifferent cell com­
ponents separate into dist inct bands that can be collected indi, idual ly. rhe rel ­
ative rate  at  which each component sediments depends primarily on  i t s  size and 
shape-being normal ly described in terms of its sed imentat ion coefficient , or s 
value. Present -day ultracent rifuges rotate at speeds of up to 80,000 rpm and pro­
duce forces as h igh as 500,000 t imes gravity. With these enormous forces, even 
smal l  macromolecules, such as t RNA molecules and s imple enzymes, can be 
driven to setl inwnt at an appreciable rate antl so can he separated from one 
anothe, l1y size. Mrasu rements  of setl imentat ion coefficients are rou t i nely used 
to help in cletern1 i n i 1 1g t he size and subun it composi t ion of the organizetl 
assemblies of 1m1rromoleculcs found in cells. 

The u l t racent r i fuge is also used to separate cellular components on the basis 
of their huoyant  dens i ty, independently of their size and shape. In this case the 

Figure 8-8 Cell fractionation by centrifugation. Repeated 
centrifugation at progressively higher speeds will fractionate homogenates 
of cells mto the,r components. In  general, the sma11er the subcetlu1ar 
component. the greater is the centtrfugal force rcqu,red to sediment it. 
Typical values for the v;mous cenmfugation steps referred to in the 
figure are: 
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sample is usually sedimented through a steep density gradient that contains a 
very high concent rat ion of sucrose or cesium chloride. Each cellular component 
begins to move down the gradien1 as in Figure 8-9A, hut i t eventually reaches a 
pos i t ion where the density of the solution is equal to its own density. At this 
poin t  the component floats and can move no farther. A series of dis t inct bands 
is thereby produced in  the centrifuge tube, wi th the bands closest to t he bottom 
of the tube con ta ining the components of h ighest buoyant density (Figure 
8-9B). This method, called equ ilihriufl l  sedifllentat ion, is so sensit ive that it is 
capable of separating macromolecules ! hat have incorporated heavy isotopes, 
such as 1 3C or 1 5N, from the same macromolecules that contain the l ighter, com­
mon isotopes ( 1 2C or 1 1 N) .  In fact, t he cesium-chloride met hod was developed 
in 1 957 to scpara1e the labeled from the unlabeled DNA produced after exposure 
of a growing population of bacteria to nucleotide precursors contain ing 1 5N;  this 
classic experiment provided direct evidence for the semiconservat i ve replica­
tion of DNA (see Figure 5-5) . 

The Molecular Detai ls  of Complex Ce l lu lar Processes 
Can Be Deciphered i n  Cel l -Free Systems 

Studies of o i-ganelles and other large subcellular components isolated in the 
ultracentrifuge have contributed enormously to our understanding of  the func­
tions of differellt cellular components. Experiments on mitochondria and 
chloroplasts purified by centrifugat ion, for example, demonstrated the central 
function of these organel les in convert i ng energy into forms that the cell can 
use. Sim i larly, resealed vesicles formed from fragments of rough and smooth 
endoplasmic reticulum (microsomes) have been separated from each other and 
analyzed as funct ional models of these com part men ts of the in tact cell. 

480 Chapter 8 : MANIPULArtNG PROTEINS. DNA. AND RNA 

Figure 8-9 Comparison of velocity 
sedimentation and equilibrium 
sedimentation. In velocity 
sedimentation (A) subcel lular components 
sediment at different speeds according to 
their size and shape when layered over a 
dilute solution containing sucrose. To 
stabilize the sedimenting bands against 
convective mixing caused by small 
differences in temperature or solute 
concentration, the tube contains a 
continuous shal low gradient of sucrose 
that increases in concentration toward the 
bottom of the tube (typically from 5% to 
20% sucrose). Following centrifugation, ti , 
different components can be collected 
individually, most simply by punctu ring the 
plastic centrifuge tube arid collecting 
drops from the bottom. as I l lustrated 
here, In equi l ibrium sedimentation (B) 
subcellular components move up or down 
when centrifuged in a grad ient until they 
reach a position where their density 
matche\ their surroundings.Although a 
sucrose gradient i s  shown here, denser 
grad1eriu, which are especially useful for 
protein and nucleic acid separ.ition, can b 
formed from cesium chloride. The final 
bands. at equil ibrium, c.in be collected 
as ,n (A). 

An extension of this approach makes it possible to study many other biolog­
ical processes free from al l  of the complex side reactions that occur in a living 
cell ,  by using purified cell-free systems. In this case. cell homogenates are frac­
tionated with the aim of purifying each of the individual macromolecu les that 
are needed to catalyze a b iological process of interesl .  For example, the mecha­
nisms of protein synthesis were deciphered in experiments that began with a 
cell homogenate that could translate RNA molecules to produce proteins. Frac­
tiona t ion of this homogenate, step by step, produced in turn the r ibosomes, 
tRNAs, and various enzymes that together cons t i t ute the protein-synt hetic 
machinery. Once individual pure components were available, each could be 
added or withheld separately to define its exact role in the overall process. A 
major goal today is the reconstitution of e,·ery b iological process in a purified 
cell-free system. so as to be ahle to define all of its components and their mech­
anism of action. Some landmarks in the development of th is cri t ical approach 
for understanding the cell are listed in Table 8--4. 

Much of what we know about the molecular biology of the cell has been dis­
covered b)' s tud) ing cell-free sys tems. As a fl'w of many examp les, t hey have 
been used to decipher the molecular details of DN,\ replication and DNA tran­
scription,  RNA splicing. protein t ranslation, muscle contract ion, and particle 
transport along microtubules. Cell-free systems have even been used to s1 1tdy 
such complex and l 1 ighly organized processes as the cell-division cycle, the sep­
aration of chromosomes on the mi tot ic spindle, and the vesicular- transport 
steps involved in the movement of proteins from the endoplasmic ret iculum 
through the Golgi apparatus to the plasma membrane. 

Cell homogenates also provide, in p i- inc iple, the starting material for the 
complete separation uf all of the individual macromolecular components from 
the cell. We now consider how 1his separat ion is achieved, focusing on proteins. 

Prote ins Can Be Separated by Chromatography 

Proteins are most often fractionated by column chromatography, in which a 
mixture of proteins in solution is passed through a column containing a porous 
solid matrix. The different proteins are retarded to different exten ts  by their 

TABLE 8-4 Some Major Events in the Development of Cel l-Free Systems 

1 897 Buchner shows that cel l - free extracts of yeast can ferment sugars to form carbon dioxide and ethanol, laying 
the foundations of enzymology. 

1926 Svedherg de\·elops the first analytical ultracentr i fuge an<l uses i t  to estimate the mass of hemoglobin 
as 68,000 daltons. 

1935 Pickets and Beams introduce several new features of centrifuge design that lead to its use as a preparative 
instrument . 

1938 Behrens employs different ial centrifugat ion to separate nuclei and cytoplasm from l iver cells, a techn ique 
fun her developed for the fractionation of cell organelles by Claude, Brachet, Hogeboom, and others in the 
1 940s and early 1950s. 

1939 Hill shows that isolated chloroplasts, vvhen i l luminated, can perform the reactions of photosynthesis. 
1949 Szent-Gy0rgyi shows that isolated myofibrils from skeletal muscle cel ls contract upon the addit ion of ATP. In 

1 951 
1 954 
1 954 

1957 

1975 
1976 
1983 
1984 

1955 a similar cell-free syslem was developed for ciliary heating by Hofmann-Berling. 
Brakke uses density-gradie11 1 centrifugation in sucrose solut ions to purify a plan t \ irus. 
de Duve isolates lysosomes and, later, peroxisomes by centrifugation. 
Zamecnik and colleagues develop the firs1 cell-free system to perform protein synthesis. A decade of intense 

research activity, lil1ring wli ich the genetic code is ell1cidated ,  IOI lows. 
Meselson, Stahl, and Vlnograd develop equilibrium densitr-gradient centrifugation in cesium cllioride 

solutions for separating nucleic acids. 
Oohbcrstein and Blobel demonstrate protein translocation aci oss membranes in a cell-free system. 
Neher ;md Sakmann develop patch-clamp record ing to measure the activ ity of single ion channels. 
Lohka and Masui makes concentrated ex1racts from frog eggs that pcrfom1s the entire cell cycle in 11/tro. 
Rothman and colleagues reconst itute Golgi vesicle trafficking i11 ,,irro with a cel l-free system. 
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interaction wi 1h  the mai rix, and they can be col lected separa1ely as they flow 
out of t he  bottom of the column (Figure 8-10 ) .  Depending on the choice of 
matrix, proteins can be separa ted according to 1 heir charge (ion-exchange 
cl,ro111atograµl1y), their hydrophobici1y 1/zydropllobic chromatograpl1y), 1heir 
size (gel-filtmrion c/, ro111aIogra1,!1y), o r  1heir abi l i 1y t o  bind to particular smal l 
molecules or to other macromolecules (affi11ity cl1rumatograµll_v). 

Many types of matrices are commercia l ly avai lable (Figure 8-1 1 ) .  Ion­
exchange columns are packed with small beads t hat carry either a positive or 
negative charge, so that p roteins are frac t iona 1 ed accord ing to the arrangement 
of charges on t heir surface. Hydrophobic columns are packed with beads from 
which hydrophobic side chains p rot rude, so that proteins with exposed 
hydrophobic regions are retarded. Gel -fi l t ra i ion columns, which separate pro ­
teins according 10  the i r  size, are packed \vi t h  tiny porous beads: molecules that 
are small enough to en ter  t he  pores l i nger i nside successive heads as they pass 
down the colu mn, while larger molecules remain in the solution flowing 
between the  heads anc l  t herefore move more rapid ly, emerging from the column 
first llesides providing a means ot separating molecu les, gel-fil tration chro­
matography is a convenient way to detennine thei r size. 

The reso lu t ion of convent ional column chromatography i s  limited by 
inhomogeneities i n  the matrices (such as cellulose) ,  \.Vhich cause an uneven 
flow of solvent through the column.  Newer chromatography resins (usually sil­
ica-based) have been developed in the fo rm of tiny spheres (3 to 10  µm in 
diameter) tha t  can be packed with a special apparatus to form a uniform col ­
umn bed. A high degree of resolmion is attainable on such high-performance 
l iquid chromatography (HPLC) columns. Because they contain such t ight ly 
packed particles, HPLC columns have negligible flow rates unless high pressures 
are applied. For this reason these columns are l \'Jlically packed in steel cyl i nders 
and require an elaborate system of pumps anti valves to force the solvent 
through them at sufficient pressure to produce the desired rapid flow rates of 
about one column volume per minute. In conventiona l column chromatography, 
flow rates must be kept slow (often about one column volume per hour) to give 
the solutes being fractionated time to equi l ibrate with the i111erior of the large 
matrix particles. In HPLC the solutes equil ibrate very rapidly with 1 t 1 e  inter ior of 
1he t i ny  spheres, so solutes with different affin i t ies for the matrix a re eflicie11 1 l y  
separated from one another even at fast flow rates. Th i s  allows mos t  frac t ion­
at ions to be carried out in m inutes, whereas hours arc requ i red 10  oh 1a in  u 
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Figure 8- 1 0  The separation of 
molecules by column 
chromatography. The sample, a mixture 
of different molecules. is applied to the 
top of a cylindrical glass or plastic column 
fi l led with a permeable solid matrix, such 
as cellulose. immersed in solvent.A large 
amount of solvent is then pumped slowly 
through the column and collected in 
separate tubes as it emerges from the 
bottom. Because various components of 
the sample travel at different rates 
through the column. they are fractionated 
into differenc tubes. 

poorer separation by conventional chromatography. HPI C has therefore become 
the method of choice for separa t ing many proteins and small molecules. 

Affinity Chromatography Exp lo its Spec ific 
Binding S ites on Prote ins 

lf one starts with a complex m ixture of p rote ins, t hese types of column chro­
matography do not produce very h ighly purified fract ions: a single passage 
through the column generally i nc reases the proport ion of a given protein in the 
mixture no more t han twentyfo ld .  lkcause mos t  i nd iv idual proteins represenl 
less than l / 1000 of the total cellular protein, it is usually necessary to use several 
different types of column in  succession to  attai n suffic ient purity (Figure 8-12) .  
A more efficient procedure, known as affinity chromatography, takes advan­
tage of the biologically irn 11onant h ind ing interact ions 1 t 1a t  occur on protein 
surfaces. If a substrate molecule is covalently coupled to an inert matrix such as 
a polysaccharide bead, for example, t h e  enzyme t hat operates on that  substrate 
will often be specilically retained by t he matrix and can then he elu ted (washed 
out) in nearly pure form. Likewise, short DNA ol igonucleot i des of a specifically 
designed sequence can be immobil ized in this way and used to purify DNA• 
binding proteins that normally recognize this sequence of nucleotides in chro­
mosomes (see Figure 7-30) . Alternat ively, specific ant ibodies cau lw coupled to 
a matrix to purify protein molecules recognized by the amihodies. Because of 
the great specificity of all such affin i ty columns, 1 000· to IO .ODO- fo ld pur i fica• 
lions can sometimes be achieved in  a single pass. 

Any gene can be modified, using the recombinant DNA methods d i scussed 
in the next section, to produce its protein with a molecular tag attached to i t ,  
making subsequent purification o f  the protein by  affin i ty chromatography s im­
ple and rapid (see Figure 8-48, below). For example, the a l l l ino acid histidine 
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Figure 8- 1 1 Three types of matrices used for chromatography. In Ion-exchange chromatography 

     ONATION OF CELLS 

(A) the insoluble matrix carries ionic charges that retard the movement of molecules of opposite charge. 
Matrices used for separating proteins include diethylaminoethylcellulose (DEAE-ceHulose), which is positively 
charged, and carboxymethylcellu!ose (CM-cellulose) and phosphocel lulose, which are negative ly charged. 
Analogous matr ices based on agarose or other polymers are also frequently used. The strength of the 
association between the dissolved molecules and the ion-exchange matrix depends on both the ionic 
strength and the pH of the solution that is passing down the column, which may therefore be varied 
systematically (as in  Figure 8-- 1 2) to achieve an effective separation. In gel-filtration chromatography (B) the 
matr ix is inen but porous. Molecules that are small enough to penetrate into the matrix are thereby delayed 
and travel more slowly through the column. Beads of cross-linked polysaccharide (dextran. agarose, or 
acrylamide) are available commercially in a wide range of pore sites, making them su itable for the 
fractionation of molecules of various molecu lar  weights, from less than 500 to more than S x I 06 . Affinity 
chromatography (C) uses an insoluble matrix that i s  covalendy hnked to a specific ligand, such as an antibody 
molecu le or an enzyme substrate, that wilt bind a specific protein. Enzyme molecules that bind to immobi l ized 
substrates on such columns can be eluted with a concentrated solution of the free form of the substrate 
molecule. whi le molecules that bind to immob i l ized antibodies can be eluted by dissociating the 
antibody-antigen complex with concentrated salt solutions or solut ions of h igh or low pH. High degrees of 
purification are often achieved tn a s ingle pass through an affin ity column. 
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binds to certain metal ions, including nickel and copper. If genetic engineering 
techniques are used to attach a short string of his t id ine residues t o  eit her end of 
a protein, the slightly modified protein can be re ta ined selec t ively on an affinity 
column containing immobilized nickel ions. Metal affinity chromatography can 
thereby be used to purify that modified protein from a complex molecular mix­
t u re. ln ot her cases, an entire protein is used as the molecular t ag. When the 
smal l enzyme glutathione S-transferase (GST) is attached to a t arget pro tein, the 
resu l t ing fus ion protein can be purified using an affini ty column con taining 
gluta t h ione, a substrate molecule that binds specifically and t igh t l y  to GST (see 
Figure 8-50, below) . 

As a fun her refinement of this last technique, an amino acid sequence that 
forms a cleavage site for a highly specific protease can be engineered between 
t he protein of choice and the h istidine or GST tag. The cleavage sites for the pro­
teases that are used , such as factor X that functions during blood clo t t ing, are 
very rnrely found by chance in proteins. Thus, the tag can later be specifically 
removed by cleavage at the cleavage site without destroying the purified protein. 

484 

(Al ION EXCHANGE CHROMATOGRAPHY 

.Jt.. activity 

fraction number - � 
pool these fractions end apply them
to the next co lumn below 

(Bl GEL-FILTRATION CHROMATOGRAPHY 

fraction number - L___J 

(DI 

pool these fractions and apply them 220-to the next co lumn be low 
(C) AFFINITY CHROMATOGRAPHY 

fraction number -

protein 
eluting 
solution 
appl ied 

to crn 

'------' 

activity 

pool these fractions, which now contoin the
high ly purified protein 

Chapter 8 : MANIPULATING PROTEINS, DNA, AND RNA 

96-

66-
56-

43-

1 2 3 

Figu,.e 8- 1 2  Protein pu,.ification by 
ch,.omatography. Typical resu lts 
obtained when three different 
chromatographic steps are used in 
succession to purify a protein, In this 
example a homogenate of ce l l s  was first 
fractionated by al lowing i t to percolate 
through an ion-exchange resin packed into 
a column (A). The column was washed, 
and the bound proteins were then eluted 
by pass ing a solution containing a gr,1du:il!v 
Increasing concentration of salt onto the 
top of the column. Proteins with the 
lowest affinity for the ion-exchange res in 
passed directly through the column and 
were collected in the earl iest fractions 
eluted from the bottom of the column 
The remaining proteins were e luted in 
sequence according to their affinity for the 
res in- those proteins bind ing most tightly 
to the resin requiring the highest 
concentration of salt to remove them. Th" 
protein of interest was eluted in several 
fractions and was detected by its 
enzymatic activity. The fractions with 
activity were pooled and then app l ied to 
second. gel-filtration column (B). The 
elution position of the still-impure protein 
was again determined by its enzymatic 
activity and the active fractions were 
pooled and purified to homogeneity on ari 
affinity column (C) that contained an 
immobil ized substrate of the enzyme. 
(D) Affinity purification of cycl in-binding 
proteins from 5. cerevis,oe, as analyzed by 
SDS polyacrylamide-gel electrophoresis 
(see Figure 8-- 1 4). Lane I is a total cell 
extract; lane 2 shows the proteins eluted 
from an affinity column contain ing cyclin 
82; lane 3 shows one major protein e luted 
from a cyclin B3 ifflnity column. Proteins 
111 l,1nes 2 and 3 were eluted with salt ana 
the gels was suined with Coomassle b lue 
(D, from D. Kellogg et al .. J. Cell 810/. 
I 30:675-685. 1 995. © The Rockefeller 
University Press.) 

The S ize and Subunit Compos ition of a Prote in Can Be 
Determi ned by SDS Po lyacrylamide-Gel  E lectrophoresis 
Proteins usually possess a net posi t ive or negative charge, depending on the 
mixture of charged amino acids they contain. \Vhen an electric field is applied to 
a solution containing a protein molecule, t he prote in migrates at a rate that 
depends on i t s  net charge and on i t s  size and shape. This technique, knovvn as 
electrophoresi s, was originally used to �eparate mixtures of p roteins either in 
free aqueous solut ion or in solu t i ons held in a sol id porous matrix such as 
starch. 

In the mid- l 960s a modified version of th i s  method-which is known as SOS 
polyacrylamide-gel electrophoresis (SDS- PAGE)-was developed that has rev­
olutionized rout ine protein analysis. It uses a l t i ghly cross-linked gel of poly­
acrylamide as the inc, t ma1rix th rough which the proteins migrate. The gel is 
prepared by polymerizat ion from monomers; t he pore s ize or the gel can be 
adjusted so that it is small enough to retard the migrstion of the protein 
molecules of interest. rl1e proteins themselves are not i n  a simple aqueous solu­
tion but in one that includes a powerful negat ively charged detergen1, sodium 
dodecyl sulfate, or SDS ffigure 8- 13 ) .  Because this detergent binds to hydropho­
bic regions of the protein molecules, causing them 10 unfold into extended 
polypeptide chains, the individual protein molecules are released from their 
associations with other proteins or lipid molcc11les and rendered freely soluble 
in the detergen1 solution. In addition, a reducing agent such as P-mercapto­
etbanol (see Figure 8-13) is usually added to break any S-S linkages in  the pro­
teins, so that all of the constituent polypeptides in mult is11bunit molecules can 
be analyzed separately. 

What happens when a mixture of SOS-solubilized proteins is run through a 
slab of polyacrylamide gel? Each prote in molecule binds large numbers of the 
negatively charged detergent molecules, wh ich mask the pro1ein's in t rinsic 
charge and cause it to migrate toward the posit ive electrode when a voltage is 
applied. Proteins of the same size tend to move through the gel with similar 
speeds because ( 1 ) their native struc1 ure i s  completely unfolded by t he SOS, so 
that their shapes are the same, and (2) they bind the same amount of SDS and 
therefore have the same amount of negative charge. Larger J )roteins, w i t h  more 
charge, will be subjected to larger electrical forces and also to a larger drag. I n  
free solut ion t h e  two effects would cancel out ,  b u t  in  t h e  mesh of t he  polyacryl ­
amide gel, which acts as a molecu lar sieve, large p roteins are retarded much 
more than small ones. As a result, a complex mixture of proteins is frac1 iona1ed 
into a series of discrete protein bands arranged in  o rder of molecu lar  weight 
(Figure 8- 1 4) .  The major proteins are read ily detected by staining the pro teins in  
the  gel w i th  a dye such as Coomassie blue, and  even minor  proteins are seen in  
gels treated with a silver or gold stain (with which as  l i t t le as  1 0  ng of protein can 
be detected in a band) .  

SOS polyacrylamide-gel electrophoresis is a more powerful procedure than 
any pre\'ious method of protein analysis principally because i t  can be used to  
separate al l  t ypes of proteins, including those that are insoluble in water. Mem­
brane proteins, protein components of the cytoskeleton, and proteins that are 
part of large macromolecular aggregates can all be resolved . Because the 
method separates polypeptides by size, it also provides information about the 
molecular weight and the subunit composition of any pro tein complex. A pho­
tograph of a gel t hat has been 11sed to analyze each of the successive stages in the 
purificat ion ofa protein is shown in Figure 8-15 .  

More Than I 000 Prote ins Can Be Resolved on a S i ngl e Gel  
by Two-dimensional Po lyacrylam ide-Gel Electrophoresis 
Because closely spaced protein bands or peaks tend to overlap, one-d imensional 
separa tion methods, such as SOS polyacrylamide-gel electrophoresis or cluo­
matography, can resolve only a relatively snrnll number of proteins (generally 
fewer than 50). In cont rast, two-dimensional gel electrophoresis, which 
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Figure 8- 1 3  The dete,.gent sodium 
dodecyl sulfate (SOS) and the 
reducing agent P-mercaptoethanol. 
These twO chemicals are used to
solubltize proteins for· SOS 
polyacrylamide-gel electrophoresis . The 
SOS i s  shown here in iU ion ized form, 
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IA) sample loarled onto gel 18 1  
by p ipette 

Figure 8- 1 ◄ SOS polyacrylamide•gel electrophoresis (SDS·PAG E). 

(A) An electrophoresis apparatus. (8) Ind ividual polypeptide chains form a 
complex with negatively charged molecules of sod ium dodecyl sulfate (SOS) 
and therefore migrate as a negatively charged SOS-protein complex through 
a porous gel of polyacrylamide. Because the speed of migration under these 
conditions 1s greater the smaller the polypeptide. this technique can be used 
to determine the appro•imate mo!ecu!ar weight of a polypeptide chain as 
well as the subunit composition of a protein. If the protein contains a large 
amount of carbohydrate. however, 1t will move anomalously on the gel and 
,ts apparent molecular weight estimated by SOS-PAGE will be misleading. 

combines two different separation procedures. can resolve up to 2000 pro­
teins-the t otal n u mber of differen t  protei ns in a simple bacterium-in the form 
of a two -dimensional prote in map. 

In the first step, the proteins are separated by t heir intrinsic charges. The 
sample i s  dissolved in a small volume of a solwion containing a nonionic 
(uncharged) deiergent, together with �-mercaptoethanol and the denaturing 
reagent u rea. This sol u t ion sol ub i l izes, dena tures, and dissociates all the 
polypeptide chains but leaves t heir in t rinsic charge unchanged. The polypep­
tide chains are then separated by a proced u re cal led isoelectric focusing, which 
takes advantage of the fact that the net charge on a protein molecule varies with 
the pH of the surrounding solution. Every protei n  has a characteristic i soelectric 
poi nt, the p l  I at which the p rotei n  has no net charge and therefore does not 
migrate in an electric field. In  i soelect ric focusi ng, proteins are separated elec­
trophorctically in  a narrow tube ol polyacrylam ide gel in which a grad ient of pH 
is established by a mixt ure of special buffers. Each protein moves to a position 
in the gradient that corresponds to its i soelect ric point and stays there (Figure 
8-16) .  This is the first di mension of two- dimensional gel electrophoresis. 
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Figure 8- 1 5  Analysis of protein samples by SOS polyacrylamide•gel 
e lectropho,-esis. The photograph shows a Coomassie-stained gel that has 
been used to detect the proteins present at succeSStve stages in the 
purification of an enzyme. The leftmost lane (lane I) contains the complex 
mixture of proteins in the starting cell extract, and each succeeding lane 
analyzes the proteins obtained after a chromatographic fractionation of the 
protein sample analyz.ed in the previous lane (see Figure 8- 1 2) ,  The same 
total amount of protein ( I O  µg) was loaded onto the gel at the top of each 
lane. Individual proteins normally appear as sharp. dye-stained bands; a band 
broadens. however. when It contains too much protein. (From T. Formosa 
and 8.M. Albem,J. Bio/. Chem. 26 1 :6 1 07--6 1 1 8. 1 986.) 
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In the second step the narrow gel con ta in ing the separa1ed proteins is again 
subjected to electrophoresis bur in a direction that is at a right angle to the direc­
tion that used in the first step. This time SllS i s  added , and t he proteins are sep­
arated according to their size, as in  one-dimensional SDS-PAGE: the original 
narrow gel is soaked in  SOS and then placed 011  one edge of an SOS polyacryl ­
amide-gel slab, through which each polypeptide chain migrates 10 form a dis­
crete spot. This is the second dimension of two-dimensional polyacrylamide-gel 
electrophoresis. The only proteins left unresolved are those that I rave both iden ­
tical sizes and identical isoelectric points, a relatively rare s i t uation. Even t race 
amounts of each polypeptide chain can be detected on the gel by various stain­
ing procedures-or by aworadiography if the protein sample was i n i t ia l ly  labeled 
with a radioisotope (Figure 8- 1 7 ) .  The technique has such great resol ving power 
that it can distinguish between two proteins t hat differ in only a single charged 
amino acid. 

A specific protein can be identified after i ts  fractionation on either one­
dimensional or two-dimensional gels by exposi ng al l  the proteins presen t on the 
gel to a specific antibody that  has been coupled to a rad ioactive isotope, to an 
easily detectable enzyme, or to a fluorescen t dye. For convenience, t h i s  is nor­
mally done after all the separated proteins present i n  the gel have been t rans­
ferred (by " blotting") onto a sheet of ni trocellulose paper, as descr ibed later lor 
nucleic acids (see Figure 8-27). This protein-detect ion method is cal led Western 
blotting (Figure 8-18).  

Some landmarks in the development of chromatograp l 1y and electrop l 1oresis 
are listed in Table 8-5. 
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Figure 8- 1 6  Separation of protein 
molecules by isoelectric focusing. 
At low pH (high H+ concentration) the 
carboxylk acid groups of proteins tend to 
be uncharged (-COOH) and their 
nitrogen-containing basic groups fully 
charged (for example, -NH3+), giving most 
proteins a net positive charge. At high pH 
the carboxylic acid groups are negatively 
charged (-COO-) and the basic groups 
tend to be uncharged (for example. 
-NH2). giving most proteins a nee negative 
charge.At iu isoe/ectric pH a protein has 
no net charge since the positive and 
negative charges balance. Thus, when a 
tube contain,ng a fixed pH gradient 1s 
subjected co a strong electric field in the
appropriate direction, each protein species
present migrates until rt form� a sharp
band at iu isoe lecrric pH, as shown. 

Figure 8- 1 7  Two-dimensional 
polyacrylamide-gel electrophoresis. 
Alf the proteins in an £ coli bacterial cel l 
are separated in chis gel, in which each 
spot corresponds to a different 
polypeptide chain. The proteins were first 
separated on the basis of their isoelectric 
points by 1soelectnc focusing from left to 
right. They were then further fractionated 
according to their molecular weights by 
electrophores is from top to bottom 1n 
the presence of SOS. Note that different 
proteins are present in  very different 
amounts. The bacteria were fed with a 
mixture of radioisotope-labeled amino 
acids so that al l  of the ir  proteins were 
radioactive and could be detected by 
;iutoradiography (see pp. 57�579). 
(Courtesy of Patrick O'Farrel l.) 
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Selective C leavage of a Protein Generates a D istinctive 
Set of Peptide Fragments 

Allhough proteins have dist inctive molecular weigh t s  and isoelectric poi111s, 
unamhi�uous identificat ion ultimately depends on determining their amino 
acid sequences. This can be mosc easily accomplished by decermining che 
nucleot ide sequence or the gene encoding the protein and using the gene1 ic
code 1 0  deduce the amino acid sequence of the protein, as discussed later in th i s  
chapter. 1 1  can also be done by direc1ly analyzing che protein ,  ah hough the com­
piece amino acid sequences of proceins are rarely determined direccly today. 

There arc several morr rapid 1 echniques that are used to reveal crucial i nfor­
mal ion abouc 1he iden t iry of purified pro1eins. For example. s imply cleaving the 
pro 1e in into smaller fragn1en1s can p rovide i nformation that helps to character­
ize che molecule. rro1eol11 ic enzymes and chemical reagems are ava i lable chac 
cleave proceins between specific amino acid residues (Table 8-6). The enzyme 
t rypsin, for instance, cu t s  on t he carboxyl side of lysine or arginine resid�1es, 
whereas the chemical cyanogen bromide cws peptide bonds next to methion­
ine residues. Hecause 1hese enzymes and chemicals cleave at relatively few sites, 
1hev tend 10  produce a few rela c ivel y  large pept ides when applied co a purified 
pr,;cein. I I  such a mixt u re of pepcides is separa1ed by chromatographic or elec-
1 rophoretic p rocedures, 1he resul 1 ing pat tern, or pep 1 ide map, is diagnostic or 

Figure 8- 1 8  Western blotting. The 
total proteins from dividing tobacco cells 
in culture are first separated by 
cwo•dimens1onal polyacryiam1de-gel 
electrophoresis and 1n (A) their positions 
are revealed by a sens1t1ve protein sta111. In 
(B) the separated proteins on an 1dent1cal 
gel were then transferred to a sheet of 
nitrocellulose and exposed to an antibody 
that recognizes only those proteins that 
are phosphorylatcd on threonine residues 
during mitosis. The positions of the doten 
or so proteins that are recognized by this 
antibody are revealed by an enzyme-linked 
second antibody. This technique is also 
known as lmmunoblotting. (from J.A. Traas 
AF. Bevan, J.H. Doonan. J .  Cordewener, and 
PJ. Shaw, Pion< J. 2:721-732. 1 992. 
© Blackwell Scientific Publ1cat1ons.) 

TABLE 8-5 Landmarks in the Development of Chromatography and Electrophoresis and their Applications to 
Protein Molecules 

1 833 Faraday describes 1he fundamental laws concerning the passage of electricity through ionic solu t ions. 
1 850 Runge separates inorganic chemicals by 1heir d ifferential adsorption to paper, a forerunner of la1er 

chromatographic separations. 
1 906 Tswett inven t s  column cl1romatography, passing pe1 roleum extrac1s of plant leaves through columns of 

powdered chalk. 
1 933 liselius introduces elect rophoresis for separa1 ing proteins in solmion. 
1 942 Martin and Synge de,•elop partition chroma1ography, leading 10 paper chromacography on ion-exchange 

1946 

1955 

1 956 

1959 

1966 

1 975 
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resins. 
Stein and Moore determine for the first 1ime the amino acid composi1ion of a protein, initially using column 

chroma1ography on starch and later developing chromatography on ion-exchange resins. 
Smithies uses gels made of starch to separate proteins by elect rophoresis. 
Sanger completes the analysis of the amino acid sequence of bovine insulin, the first protein to be sequencc-d . 
Ingram produces the first protein fingerprints, showing that t.he d ifference between sickle-ceU and normaJ 

hemoglobin ls due to a change in a single amino acid. 
Ravmond introduces polyacrylamide gels, which are superior to  starch gels for separating proteins by 

eiectrophoresis; improved buffer sys tems allowing high-resolution separations are developed in the next few 
vears by Orns1ein and Davis .  

Maize! incroduces the use of sodium dodecyl sulfate (SDS) for improving 1he polyacrylamide-gel electrophoresis 
of proteins. 

O'Farrell devises a 1 wo-dimensional gel system for analyzi ng pro te in  miXlurcs in which SOS polyacrylamide-gel 
electrophoresis is combined wi1h separation accord ing lO isoclectric point. 
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TABLE 8-6 Some Reagents Commonly Used to C leave Peptide Bonds 
in Proteins 

AM1NO ACID I AMINO ACID 2 
Enzyme 

Trypsin Lys or Arg any 
Chymo11ypsin Phe, Trp, or Tyr any 
VS pro1ease Gin any Chemical 
Cyanogen b romide Me1 any 

2· Ni I ro-5- 1  h iocyn nobe11zoa1e any Cys 
The specific icy ror lht• amino acids 011 either side or the cleaved bond is mdica1ed: am ino 
acid 2 is l inked IO 1hc C•tcrminus or amino acid I .  

the protein from \-Vhich 1 he pept idl'S were generated and i s  sometimes referred 
to as che procein's '•fingerpr i 1 1 1  • (Figure 8- 1 9) .  

Protein fingerprint ing was developed i n  1 956 10 compare no rmal 
hemogJobin with the mmant form of the prote in found in patients suffering 
from sickle-cell anemia. A s ingle peptide d ifference was found and was evencu­
ally traced to a single amino acid change, providing the firs1 demonstration that 
a mutation can change a single amino acid i n  a pro te in .  Nowadays it is most 
of1en used to map the posicion of pos 1 1 ransla 1 ional mod ifications, such as phos­
phorylacion sites. 

Historically, cleaving a protein in to  a set of smal ler prprides was an essent ial 
step in determining its amino acid sequence. ·1 his was ult imately accomplished 
through a series of repeated chemical reactions tha1 rrmoved one amino acid at 
a time from each pep1ide's N-cerminus. After each cycle. 1he  iden 1 i 1y  of 1 he 
excised amino acid was determined hy chromatographic me1 hods. Now l hat t he 
complete genome sequences for many organisms are availab le, mass spec1rom­
euy has become 1he me1hod of choice for iden1 ifying proceins and match ing  
each to i t s  corresponding gene, thereby also determin ing i t s  amino acid 
sequence as we discuss neXt. 

Mass Spectrometry Can Be Used to Sequence 
Peptide Fragments and Identify Prnteins 

Mass spectrometry al lows one to determine the precise mass of i ntact pro1eins 
and of peprides derived from them by enzymatic or chemical cleavage. This 
information can then be used to search genomic databases, in which t he  masses 
of all proceins and of all their predicced peptide fragments have been cabu laced 
(Figure 8-Z0A). An unambiguous match 10 a particular opl'n reacting frame can 
ohen be made knowing t he mass of only a few peptides derived from a given 
protein. Muss spccuume1 ric me1 hods are therefore cri t ically importam for t he 
field of 11roreo11 1ics, 1he large-sca le effort 10 identify and characcerize all of the 
proteins l'ncodl'd in  an organism's genome. including their posttransla t ional 
modifica 1 io11s. 

Mass spect rometry is an enormously sensitive techn ique that requires verv 
l i t tle material .  Massrs can be obtained wi ih  great accuracy, often with an error 
of less 1han one oart in a mil l ion. The most commonly used mass spectrometric 
mechod is called 111nrri.x-assisred laser desorption io11izario11-ti11 1e-of-fligh1 s11ectrornetr\' (MA/,/JI-TOl-,. In ch is me1hod, pept ides are mixed wi 1h an organic
acid and t hen dried orno a metal or ceramic slide. The sample is then blas ted 
Wich a laser, causing 1he pep c ides 10 become ejecced from 1he s l ide in  1 he form 
of an ionized gas in which each molecule carries one or more posi t ive charges. 
The ionized peptides are clten accelerated in an electric field and fly 10ward a 
deccc1or. rhe 1 ime ic 1akes 1 hem to reach 1he detector is determined by , he i r  
mass and , heir charge: large pep1 ides move more slowly, and more h ighlv 
charged molecules move more quickly. The precise mass is readi ly de1ermined 
by analys is  of 1 hose pept ides wi th  a single charge. �lALDI-TOF can even be used 
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Figure 8- 1 9  P roduction of a peptide 
map, or fingerprint, of a protein. 
Here, the protein was digested with 
trypsin to generate a mixture of 
polypepade fragments, which was chen 
fnct1onued 1n two d imensions by 
electrophor-es1s and pan.iuon 
chrom,uography. The latter techmque 
separates peptides on the basis of their 
differential solubi l ities in water, which i s  
preferentially bound to the so l id matrix. as 
compared to the solvent in which they arc 
apphed. The resulting pattern of spots 
obtained from such a digest 1 s  diagnosric 
of the protein analyzed. I t  is also used to 
detect posttnnslational modifications of 
proteins. 
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IDENTIF ICATION AND ISOLATION 
OF CORRESPONDING GENE 

THE MASS DIFFERENCES BETWEEN FRAGMENTS CAN BE USED 
TO CONSTRUCT A PARTIAL AMINO ACID SEQUENCE. THE DATA 
MAY ALLOW A GENE IDENTIF ICATION. OR PROVIDE THE MEANS 

FOR CLONING THE GENE 
Figure 8-20 Mass-spectrometric approaches to identify proteins and sequence peptides. (A) Mass spectrometry 
can be used to identify proteins by determining the ir precise masses, and the masses of peptides derived from them, and using 
that information to search a genomic database for the corresponding gene. In this example. the protein of interest i s  excised 
from a two-dimensional polyacrylamide gel and then digested with tryps in. The peptide fragments are loaded into the mass 
spectrometer and their masses are measured. Sequence databases are then searched to find the gene that encodes a protein 
whose calculated cryptic digest profile matches these values. (B) Mass spectrometry can also be used to determine directly the 
amino acid sequence of peptide fragments. In this example. proteins that form a macromolecular complex have been separated 
by chromatography. and a single protein selected for digestion with tryps in. The masses of these tryptic fragments are then 
determined by mass spectrometry as in (A). To determine their exact amino acid sequence, each peptide 1 s  further 
fragmented, primarily by cleaving its peptide bonds. This treatment generates a nested set of peptides, each differing in size by 
one amino acid. These fragments are fed into a second coupled mass spectrometer and their masses are determined. The 
difference in masses between two closely related peptides can be used to deduce the "missing'' amino acid. By repeated 
applications of this procedure. a partial amino acid sequence of the original protein can be determined. (Micrograph courtesy 
of Patrick O'Farrel l . ) 

to measure the mass of in tact proteins as large as 200,000 dahons, wh ich corre­
sponds to a polypept ide about 2000 amino acids in length. 

Mass spect romet ry is also used to determine the sequence o r  amino acids of 
individual peptide fragments. l his  method is particularly useful when t he 
genome for the organism of interest has not yet heen fully sequenced ; the partial 
amino acid sequence obtained in this way can then be used to identify and clone 
the gene. Peptide sequencing is also important if proteins contain modifications, 
such as at t ached carbohydrates, phosphates, or methyl groups. ln t h i s  cnse, the 
precise amino acids that are the s ites of modifications can be determined. 

To obtain such peptide sequence information , two mass spectrometers are 
required in tandem. The first separates peptides obtained after digest ion of 1he 
protein of in teres1 and al lows one 10  zoom in  on one peptide at  a t ime. Th is  pep­
t ide is then further fragmented by col l ision wi 1h high-energy gas atoms, This 
method of fragmentation preferent ially cleaves the peptide bonds, generating a 
ladder of fragments, each d i ffering hy a single amino acid. The second mass 

--
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spectrometer then separates these fragments and displays their masses. The 
amino acid sequence can be deduced from the differences in mass between the 
peptides (Figure 8-20B). Post-translational modificat ions are identified when 
the amino acid to wh ich they are at tached show a characteristically increased 
mass. 

To learn more about the s t ructure and function of a protein, one must 
obtain large amounts of the prote in for analysis. This is most often accom­
plished by using the powerful recombinant DNA technologies discussed next. 

Summary 

Populations uf cells can be analyzed biochemicnll.v b_v disrupting them and frac­
tionating their contents by 1 1ltracentrifugatio11. Further fractionations allouJ ftmc­
tio11al cell-free systems to IJe develoµed,· such systems are required to determine the 
molec11lnr detnils of complex cellulnr processes. Protein synthesis, DNA replication, 
RNA splicing, the cell cycle, mitosis, and various rypes of intracellular transport 
ctln all be studied in this ,vay. The molec11lar weight and subunit composition uf 
even ve1J1 small amounts of a protein can be determined by SDS polyacrylamide­
gel electrophoresis. /11 tu.Jo-dimensional gel e/ectropltoresis, proteins nre resolved 
as separate spots by i..wJelectric focusing in one dimension, followed by SDS poly­
acrylamide-gel electrophoresis in a second dimension. These electropllorctic separa­
tions can be applied even to proteins that are normally htsolu/Jle ;,, wnter. 

The major 1,roteins in soluhle cell extracts can be purified by column chro­
matography; depending on the type of co/um" matrix, biulogically active proteins 
can be separated on tlte IJasis uf their molecular weight, llydroplrobicif)1, charge 
characterist ic:s, or affi II i ty for other molecu /es. In a typical purification the sa III pie is 
passed through several different columns in turn-tile enriched fractions obtained 
from one colwnn are applied ro the next. Once a protein has been p11rified to homo• 
geneity, its biological <tctivities cm, be examined in detail. Using mass spectmmetry� 
the mn.sses of proteins and peptides derived from them ca,i be rapidly determined, 
Witl, this information one cau refer to genome databases tv deduce the remaining 

amino acid sequence of the protein from the nucleotide sequence of its gene. 

ISOLATING, CLON I NG.AND SEQU ENCING D NA 

Until the early 1970s DNA was the most difficult cellular molecule for the bio­
chemist to analyze. Enormously long and chemically monotonous, the string of 
nucleotides that forms the genetic material of an organism could be examined 
only indirectly, by protein or RNA sequencing or by genetic analysis. Today the 
situation has changed entirely. From being the most difficult macromolecule of 
the cell to analyze, DNA has become the easiest. It is now possible to isolate a 
specific region of a genome, to produce a virtually unlimited number of copies 
of it, and to determine the sequence of its nucleotides overnight. At the height of 
the Human Genome Project, large facilities with automated machines were gen­
erating DNA sequences at the rate of I 000 nucleotides per second, around the 
clock. By related techniques, an isolated gene can be altered (engineered) at will 
and transferred back into the germ line of an animal or plant, so as to become a 
functional and heritable part of the organism's genome. 

These technical breakthroughs in genetic engineering-the abil ity to 
manipulate DNA with precision in a test tube or an organism-have had a dra­
matic impact on all aspects of cell b iology by facilitat ing the study of cells and 
their macromolecules in previously unimagined ways. They have led to  1he d i s­
covery of whole new classes of genes and proteins, while revealing that many 
pro teins have been much more highly conserved in evolution than had been 
suspected. They have provided new tools for de1ermining t he  functions of pro­
teins and of individual domains with in  proteins, reveal ing a host of unexpected 
rela1ionships between them, By making available large amounts of any protein, 
they have shown the way to efficient mass production of protein hormones and 
vaccines. Final ly, by al lowing the regulatory regions of genes 10 he dissected, 
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t hey provide biologists with an importan t  tool for unraveling the complex regu­
latory networks by which eucaryot ic gene expression is controlled . 

Recombinant DNA technology comprises a mixture of techniques, some 
new and some borrowed from ot her fields such as microbial genet ics (Table 
8-7). Central ID the technology are the fol lo\\'ing key techniques:

I .  Cleavage of DNA at specific sites by rest riction nuclcases, which great ly 
facilitates t he  isolation and manipulat ion of individual genes. 

2. DNA cloning either through the use of cloning vectors or the polymerase
chain reac t ion ,  whereby a single DNA molecule can he copied to generate
many hil l  ions of identical molecules.

3. Nucleic acid  hybridization, which makes i t  possible to find a specific
sequence of DNA or RNA wi t h  great 11cc11 racy and sensit ivity on the hasis
of its ahi l i ty to bind a complementary nucleic acid sequence.

4. Hapid sequencing of all the nucleot i des in a purified DNA fragment, which
makes i t  possible 10 identify genes and 10 deduce the amino acid sequence
of the pro te ins they encode.

TABLE 8-7 Some Major Steps i n  the Development of Recombinant DNA and Transgenic Technology

1869 �1 iescher first isolates DNA from white blood cells harvested from pus-soaked bandages obtai ned from a 
nearby hospital. 

1 944 Awry provides evidence that DNA, rather than protein, carries the genetic informat ion c.Jming bacterial 
1ransformation. 

1 953 Watson and Crick propose the double-helix model for DNA s t ructure based on x-ray resu l ts  of Franklin 
and Wilkins. 

1 955 Kornberg d iscovers DNA polymerase, the enzyme now used to produce labeled DNA probes. 
1 96 1  Marmur an d  Doty d iscover DNA renaturat ion. establishing the specificity and feasibil ity o f  nucleic acid 

hydridization reactions. 
1 962 J\rher pro\' ides the first evidence for the existence of DNA restriction nucleases. leading to Lheir purification 

anti l1se i n  DNA sequence characterization by Nathans and H. Smith. 
1966 Nirenberg, Ochoa, and Khorana elucidate the genetic code. 
1 967 Gellert d iscovers DNA ligase, the enzyme used to join DNA fragments together. 
1 972-1 973 DNA cloning techniques are developed by the laboratories of Boyer, Cohen, Berg, and their colleagues at 

Stanford University and the University of California at San Francisco. 
1975 Southern develops gel-transfer hybridization for the detection of specific DNA sequences. 
1975- 1977 Sanger and Barrell and Maxam and Gilbert develop rapid DNA•sequencing methods. 
198 1-1982 Palmiter and Brinster produce transgenic mice; Spradl i ng and Rubin produce transgenic fru i t  !l ies. 
1982 GenBank, Nil i 's public genetic sequence database, is established al Los Alamos National Laboratory. 
1985 Mullis and co-workers invent the polymerase chain reaction (PCR). 
1987 Capecchi and Smithies introduce methods for performing targeted gene replacement in mouse embryonic 

stem cells. 
1 989 Fields and Song develop the yeast two·hybrid system for ident ifying and studying protein interact ions 
1989 Olson and col leagues describe sequence.ragged si tes, unique stretches of DNA that are used to make physical 

maps of l1u111a11 chromosomes. 
1990 Lipman and colleagues release BLAST, an algorithm used to search for homology benveen DNA and protein 

sequences. 
1 990 Simon and colleagues s tudy how to efficiently use bacterial art ificial chromosomes, BACs, to carry large 

pieces of cloned human DNA for sequencing. 
1991 Hood and Hunkapil lar introduce new automated DNA sequence technology. 
1995 Venter and colleagues sequence the first complete genome, that of the bacterium Haemophi/us i11fl11e11zae. 
1996 Gofleau and an international consortium of rescarchers announce 1he complecion of the first genome 

sequence of a eucaryote, the yeasr Sacchnromyces cerel>isinr. 
1 996--1997 Lockhart and colleagues and Brown and DeRisi produce DNA microarrays, which allow the simultaneous 

monitoring of thousands of genes. 
1998 Sulston and Waterston and colleagues produce the first complete sequence of a multicellular organism, the 

nematode worm Cne11orltaiJrti1is eJegans. 
200 I Consor1ia of researchl•rs a11nounce the completion of the draft human genome sequence. 
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Figure 8-2 1 The DNA nucleotide sequences recognized by four 
widely used restriction nucleases. As in the examples shown, such 
sequences are often six base pairs long and ··palindromic" {that is, the 
nucleotide sequence 1s the same if the helix is turned by 1 80 degrees around 
the center of the short region of helix that is recognized). The enzymes cut 
the two strands of DNA at or near the recognition sequence. For some 
enzymes, such as Hpal, the cleavage leaves blunt ends; for others, such as 
EcoRI. Hindllt . and Pstl, the cleavage 1s staggered and creates cohes ive ends. 
Restriction nudeases are obtained from various species of bacteria: Hpal is 
from HemophJ/us para1nfluenzae, EcoRI 1s from Escherichia col,, Hindl l l  i s  from 
Hemophilus influenzoe, and Psrl is from Providencio stuart1i. 

5. Simultaneous monitoring of the expression level of each gene in a cel l ,
using nucleic acid microarrays that  allow tens of t housands of hybridiza­
t ion reactions to be performed simu l t aneously. 

In t h i s  chapter we describe each of these hasic tech niques. which together
have revolut ion ized the study of cell biology. 

Large DNA Molecules Are Cuc into Fragments 
by Restrict ion Nuc leases 

Unl ike a protein , a gene does not exis t  as a discrete ent i ty in  cel ls ,  but rather as 
a small region of a much longer DNA 111olccule. Although the DNA molecules in 
a cell can he randomly broken in!D small pieces by mechanical force, a fragment 
containing a single gene in a mammalian genome would st i l l  he only one among 
a hundred thousand or more DNA fragmems, indist inguishable in their average 
size. How could such a gene be purified? Because all DNA molecules consist of 
an approximately equal mixture of the same four nucleot ides. t hey cannot he 
readily separated. as proteins can , on the hasis of their d ifferent charges and 
bind ing properties. Moreover. even if a purification scheme could be devised, 
vast amounts of ONA would be needed to yield enough of any part icular gene to 
be usefu l  for further experiments. 

The solu t ion  1 0  al l  of these problems began to emerge with the discovery of 
restrict ion nucleases. These enzymes, wh ich can he purified from bacteria, cut 
the DNA double hel ix at speci fic sites defined by the local nucleotide sequence, 
thereby cleaving a long double-stranded DNA molecule in to fragments of s tr ictly 
defined sizes. Di fferent  restric t ion  nucleases have differen 1  sequence specifici· 
ties, and ii is rela t ively simple to find an enzyme that can create a DNA fragment 
that i ncludes a part icular gene. The size of the DNA fragment can then be used 
as a has i s  for part ia l purificat ion of the gene from a mixt u re. 

D ifferern species of bacteria make different res tr ic t ion nucleases, wh ich 
protect them from viruses hy degrad ing incoming viral DNA. Each nuclease rec­
ognizes a specific sequence of four  to eight nucleotides in DNA. These 
sequences, where they occur in  the genome of the bacterium itself, are protected 
from cleavage by met hyla t i on  at an A or a C residue; the sequences in foreign 
DNA are generally not met hylated and so are cleaved by the restr ict ion nucleases. 
Large numbers ol res t rict ion nucleases have been purified from various species 
of bacteria; several hundred, most of which recognize different nucleotide 
sequences, are now avai lable commercially. 

Some restr ict ion nucll'ases produce staggered cuts, \Vhich leave short si ngle• 
stranded tai ls  at the two ends of each fragment (Figure 8-2 1 ). Ends of this type 
are known as cohesive ends, as each tail can form complementary base pairs 
with the tai l  at any other end produced by the same enzyme (Figure B-22) .  The 

Figure 8-22 Restriction nucleases produce ONA fragments that 
can be easily joined together. Fragments with the same cohesive ends 
can readily join by complementary base-pairing between their cohes ive ends. 
as illustrated. The two DNA fragments that join in this cx.1mp1e were both 
produced by the EcoR.I restriction nuclease, whereas the three other 
fragmenu were produced by different restriction nucleases that generated 
different cohesive ends (see Figure 8-2 1 ) ,  Blunt-ended fragments. like those 
generated by Hpol (see Figure 8-2 1 ), can be spliced together with n,ore 
difficulty. 
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cohesive ends generated by res trict ion enzymes allow any two DNA fragmen t s  
t o  be  easily joined together, a s  long as t he fragments were generated with  the 
same restriction nuclease (or with another nuclease that produces the same 
cohesive ends). DNA molecules produced by spl icing together two or more DNA 
fragments are cal led recombinant DNA molecules; they have made possible 
many new types of cell-biological studies. 

Gel Electrophores is Separates DNA Molecules 
of Different S izes 

The lengt h and purity of DNA molecules can he accurately determined by the 
same types or gel electrophoresis metl10ds that have proved so useful in the 
analysis of p ro te ins. The procedure is acn,al ly s impler , h , 1 1 1  for proteins: because 
each nucleot ide in a nucleic acid molecule already carries a single negative 
charge, t here is 110 need to add the negat ively charged detergent SDS that is 
requ i red to make protein molecu les move un iform l y  toward the positive elec• 
t rode. For DNA fragments less than 500 nucleot ides long, specially designed 
polyacrylamide gels a l low separation o f  molecules that differ in length by as l i t ·  
t ic as a s ingle nucleotide (Figure 8-23A). l11e pores in  polyacrylamide gels, how• 
ever, arc too small to permit very large DNA molecules 10 pass; 10 separate these 
by size, the nwch more porous gels formed by di lu te solu tions of agarose (a 
polysaccharide isolated from seaweed) are used (Figure 8-238) . f11ese ONA sep · 
aration methods are widely used for bo t h  analytical and prepara I i 1·e purposes. 

A variation of agarose gel electrophoresis, called p11 lsl'd-(ielr/ gel elec­
trophoresis, makes it possible ,o separate even extremely long DNA molecules. 
Ordinary gel electrophoresis fails 10 separate such molecules bl'rnuse the s teady 
elect ric field stretches them out so that they travel end- firs, t hrough the gel i n  
snakel ike configurat ions a t  a rate that i s  independent o f  t he i r  length. In  pulsed­
field gel electrophoresis, by co11I rast ,  the direction o l  t he elect ric field is changed 
periodica l ly, which forces the molecules to reorient before cont inuing to move 
snakelike through t he gel .  This reorientation takes much more t ime for larger 
molecules, so that longer molecules move more slowly than shorter ones. As a 
consequence, even entire bacterial or yeast chromosomes separate in to d iscrete 

◄9◄ 

Figure 8-23 Gel electrophoresis techniques for separating DNA 
molecules by size. In  the three examples shown, electrophoresis i s  from 
top to bottom, so that the largest-and thus slowest-moving-DNA 
molecules are near the top of the gel. In (A) a polyacrylamide gel with small 
pores is used to fractionate single-stranded DNA In the size range IO to 
500 nucleotides, DNA molecu les that differ in size by only a single 
nucleotide can be separated from each other. In the example, the four lanes 
represent sets of DNA molecules synthesized in the course of a 
DNA-sequencing procedure. The DNA to be sequenced has been artificially 
replicated from a fixed start site up to a variable stopping point, producing a 
set of partial replicas of differing lengrhs. (Figure 8-36 explains how such sers 
of partial replicas are synthesized.) Lane I shows al l the partial replicas that 
terminate in a G, lane 2 all rhose that terminate in an A. lane 3 aU those that 
terminate in a T, and lane 4 all those that terminate in a C. Since the DNA 
molecules used in these reactions are radiolabeled, their pos1rions can be 
determined by autoradiography, as shown. In (B) an agarose gel with 
medium-sized pores Is used to separate double-stranded DNA molecules. 
This method Is most usefu l in the size range 300 to I 0,000 nucleotide pairs. 
These DNA molecules are fragments produced by cleaving the genome of a 
bacterial virus with a restriction nuclease, 3nd they have been detected by 
their fluorescence when stained w1th the dye ethidium bromide. In (C) the 
technique of pulsed-field agarose gel electrophoresis has been used to 
separate 1 6  different yeast (Socchoromyces cerevisioe) chromosomes. which 
range in size from 220,000 to 2.5 million nucleotide pairs (see Figure 4- 1 3). 
The DNA was sta ined as in (B). DNA molecules as l3rge as I 07 nucleotide 
pair$ can be separated In chis way. (A. courtesy of Leander Lauffer and Peter 
Walter; 8. courtesy of Ken Kreuzer ;  C. from D. Vollrath and R.W. Davis. 
Nucleic Acids Res. I 5:786S-7876, 1 987. © Oxford University Press.) 
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bands in pulsed-field gels and so can he sorted and identified on t he basis of 
their size (Figure 8-23C). Although a typ ical mammal ian chromosome of 1 08 

base pairs is too large to be sorted even in th is way, large segments of these chro­
mosomes are readily separated and ident i f ied i f  the chromosomal DNA is fi rst 
cut wi th a restriction nuclease selected to recognize sequences that occur only 
rarely (once every 10,000 or more nucleot ide pairs) . 

The DNA bands on agarose or polyarrylamide gels are invisihle un less t he 
DNA is labeled or stained in some way. One sensitive method of staining DNA is 
to expose it lO the dye erhidiurn brofll ide, \\ hich tluoresces under ultraviolet l ight 
when i t  is hound to DNA (see Figures 8-23B.C). An even more sensi t i ve detec­
tion met hod incorporates a radioisotope into the DNA molecules before elec­
trophoresis; 3ip  is often used as it can be incorporated into DNA phosphates and
emits an energetic p particle that is eas i ly  detected by autoradiography (as in 
ngure 8-231\ l .  

Purified DNA Molecules Can Be Specifica l ly Labeled 
with Radioisotopes or Chemical Markers in vitro 

1\vo procedu res are widely used to lahel isolated DNA molecules. In the first 
method a DNA polymerase copies t he DNA in t he presenc,• of nucleot ides that 
are e i t her rad ioact ive (usually laheled with 32P) or chemically tagged (Figure 
8-24A) . In this way "DNA probes" containing many labeled nucleotides can be 
produced for nucleic acid hyhridization reactions (d iscussed below) . The second 
procedure uses the bacteriophage enzyme polynucleut ide kinase to transfer a 
single 321'- labeled phosphate from ATP to the 5' end of each DNA chain (Figure 
8-241!) . llecause only one 32P atom is incorpora ted by the kinase i nto each DNA 
s t rand. the DNA molecules labeled in this wav are often not radioactive enough 
to be used as DNA probes; because they are lalieled at only one end, however, 
they have been invaluable for other applicat ions includ ing DNA footprinting. as 
we see short ly. 

Today, radioact ive labeling methods i<re hein� replaced by label ing with 
molecules thnt can he detected chemically or t h rough fluorescence. To produce 
such nonrad ioact ive DNA molecules, specially modified nucleot ide precursors 
are used (Figure 8-24C) .  A DNA molecule ma<.ie in this way is al lowed to hind to 
ils complementary DNA sequence by hybridization, as discussed in the next 
sec t ion, and i s  t hen detected wi th an antibody (or other l igand) t ha t  specifically 
recognizes i t s  mod i fied side chain (see Figure 8-28) . 

Nuc le ic  Acid Hybrid ization Reactions Prov ide a Sens i tive 
Way of Detecting Specific  Nucleotide Sequences 

When an aqueous solu t ion of DNA is heated at 1 00°C 01 exposed to a very h igh 
pH (pH ? 13 ) ,  the complement ary base pairs that normal ly hold t he two st r ands  
of  the double hel ix toget her are d isrupted and the  double he l i x  rapidly dissoci­
ates into two single strands. 1 his process, called DNA tle11a 1 t 1 rar io11 ,  was for 
many years thought to be i rrevers ible. In 196 1 ,  however, i t  was d iscovered t hat 
complementary single strands of DNA readilv re-form double helices by a pro­
cess called hybridizat ion (a lso cal led DNA renaturation) if they a re kep t  for a 
prolonged period at 65°C. Similar hybridization reactions can occur between 
any two s ingle-stranded nucle ic acid chains (DNA/ DNA, HNA/ RNA, or 
RNA/DNA), provided that t h ey have complementary nucleot ide sequences. 
These specific hybridization react ions are ,videly used to detect and characterize 
specific nucleot ide sequences in both RNA and DNA molecu les. 

Single-stranded DN,\ molecules used to detect complementary se�uenccs 
are known as probes; these molecules, which carry radioactive or chemical 
markers to facil i tate t he i r  detL'Ct ion .  can he a1n'\vhere from fifteen 10  I housands 
of nucleotides long. f lybridization reactions using DNA probes are so sensit ive 
and selective that t hey can detect complementary sequences presen t  at a con• 
centration as low as one molecule per cel l .  I t  is thus possible to de term ine how 
many copies of any DNA sequence are present in a particular DNA sample. The 
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same tech nique can he used to search for related but  noni<lemical genes. To find 
a gene of i nterest in an organism whose genome has not yet been sequenced, for 
example, a portion of a known gene can be used as a probe (Figure 8-25). 

Alternatively, DNA probes can he used in hybridization reactions with RNA 
rather than DNA to find out whether a cel l is expressing a given gene. In this case 
a DNA probe that contains part of the gene's sequence is hybridized with RNA 
purified from the cell in ques 1 ion to see whether the RNA incl udes molecules 
matching the probe DNA and, if so, i n  wha1 quantities. I n somewha 1 more elab­
orate procedures 1he DNA probe is treated with specific nucleases alter the 
hybridization is complete, to determine the exac1 regions of the ON� probe tha 1  
have paired with cellular RNA molecules. One can thereby determine the Stan 
and stop sites for HNA transcription, as well as the precise buundal ies of the 
intron and cxon sequences in a gene (Figure 8-26) . 

Today, the positions of intron/exon boundaries arc usually de1 enni ned by 
sequencing the cDNA sequences that represent the mHNAs expressed in a cel l .  
Com paring this  expressed sequence with the sequence of  1 h c  whole gene reveals 
where the introns lie. We review later how cDNAs arc prepared from mHNAs. 
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Figure 8-24 Methods for labeling 
ONA molecules in vitro. (A) A purified 
ONA polymerase enzyme labels all the 
nucleotides in  a DNA molecule and can 
thereby produce highly radioactive DNA 
probes. (B) Polynucleotide kinase labels 
only the 5'  ends of DNA strands; 
therefore. when labeling i s  followed by 
restriction nuclease cleavage, as shown, 
DNA molecules containing a single 
5'-end-labeled strand can be readily 
obtained. (C) The method in (A) is also 
used to produce nonradioactive DNA 
molecules that carry a specific chemical 
marker that can be detected with an 
appropriate antibody. The modified 
nucleotide shown can be incorporated 
into DNA by DNA polymerase so as to 
allow the DNA molecule to serve as a 
probe that can be readily detected. The 
base on the nucleoside triphosphate 
shown is an analog of thymine in which 
the methyl group on T has been replaced 
by a spacer arm l inked to the plant 
steroid digoxigenin .  To visualize the probe 
the digoxigenin i s  detected by a specific 
antibody coupled to a visible marker such 
as a fluorescent dye. Other chemical 
labels such as biotin can be attached to 
nucleotides and used in essentia l ly the 
same way. 
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We have seen that genes are switched on and off as a cel l  encoun ters ne,v 
signals in its environment. The hybridization of DNA probes to cel lular RN/\s 
al lows one to de1ermine whether or not a part icul ar gene is bei ng t ranscribed: 
moreover, when 1he expression of a gene changes, one can determine whether 
the change is due to t ranscript ional or post t ra11scrip1ional controls ( see I igu rt• 
7-87) .  These t ests of gene expression were init ially performed wit h  on<' DNA 
probe at a t i me. DNA microarra)• S no\\' a l low the simultaneous moni t m ing of 
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Figure 8-25 Different hybridization 
conditions allow less than perfect 
DNA matching. When only an identical 
match with a DNA probe is desired, the 
hybridization reaction i s  kept just a few 
degrees below the temperature at which a 
perfect DNA helix denatures in the 
solvent used (its melting temperature), so 
that al l imperfect helices formed are 
unstable. When a DNA probe ts being 
used to find DNAs that are related, but 
not identical. in sequence. hybridization is 
performed at a lower temperature. This 
allows even imperfectly p3ired double 
helices to form. Only the lower­
temperature hybridrz.1tion conditions can 
be used to search for genes (C and E in 
this example) that are nonidentical but 
related to gene A (sec Figure I 0- 1 8). 

Figure 8-26 The use of nucleic acid 
hybridization to determine the 
region of a cloned D N A  fragment 
that is present in an mRNA 
molecule. The  method shown requires a 
nuclease that cuts the DNA chain only 
where tt ts not base-paired to a 
complementary RNA chain. The positions 
of the mtrons in  eucaryotic genes are 
mapped by the method shown: the 
beginning and the end of an RNA 
molecule can be determined in the same 
way. For this type of analysis the DNA Is 
electrophoresed through a denaturing 
agarose gel, which causes it to migrate as 
single-stranded molecules. 
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hundreds or thousands of genes at a t i me, as we discuss later. Hybrid ization 
methods are in such wide use in cel l  h iology today that it is difficult to imagine 
how we could study gene structure and expression without them. 

Northern and Southern Blotti ng Faci l i tate Hybrid izati on with 
Electrophoretical ly Separated N ucle ic Acid Molecu les 

DNA probes are  often used to detect, i 1 1  a complex mixt u re of nucleic acids, only 
those molecules \\.ith sequences that are complementary 1 0  all or part of t he 
probe. Gel electrophoresis can be used to fract ionate the many d i fferen t  HNA or 
DNA molecules in a crude m ixture accord ing 10  1heir s i ze before the hybridiza­
tion reaction is performed; i f  molecules of only one or a tew sizes become 
labeled wi 1 h  the probe, one can he cert ain 1 ha 1  the hybridization was indeed 
specific. Moreover. the size information ob tained can he invaluable in itself. An 
example i l l u s trntes th is  point .

Suppose 1haI  one wishes to determine the nat u re of the defect in a mutant 
mouse that produces abnormally low amounts of albumin, a protein that liver 
cells norma l ly  secre te  in to the blood in large amouo ts. Fi rst, one collects identi ­
ca l  samples of l iver tissue from mutant and  normal mice (the latter serving as  
cont rols) and  disrupts the  cel l s  in a strong detergent to i nact ivate cellular nucle­
ases that might otherwise degrade the nucleic acids. Nex t ,  one separates the 
RNA and DNA from all of the other cell components: 1he proteins present are 
completely denatured and removed by repeated ext ract ions with phenol-a 
potent organic solvent that is partly miscible with  water; the nucleic acids, 
which remain in the aqueous phase, are rhen precipitated wirh alcohol to sepa­
rate t hem from the small molecules of the cel l .  Then one separa t es 1he DNA 
from rhe RNA by rheir different solubilities in alcohols and degrades any con­
taminating nucleic acid of the• unwanted type by trea tment with a h igh ly specific 
enzyme-ei t her an HNase or a DNase. The mRNAs are 1ypirnlly separated from 
bulk HNA by retention on a chromatography column that spcci lically binds the 
poly-A ta i ls of m H NAs. 

To analyze the albumin-encoding mRNAs with a DNA probe, a technique 
cal led Northern blot t ing is  used. First, the intact mRNA molecules purified from 
mutan t and con t rol l iver cel ls are fractionated on the hasis of their sizes into a 
series of bands by gel electrophoresis. Then, to make the RNA molecules acces­
sible to DNA probes, a rep l ica of the pattern of RNA bands on the gel is made by 
transferring ("blot t i ng") the fractionated R!\A molecules onto a sheet of n i tro­
cellulose or nylon paper. The paper is t hen incubated in a solution contain i ng a 
labeled DNA probe whose sequence corresponds to part of the template strand 
that produces albumin mRNA. The RNA molecules that hybrid ize 10 the labeled 
DNA prohe on the paper (because they are complementary to part of the normal 
albumin gene sequence) are then located by detecting the bound probe by 
autoradiography or hy chemical means (Figure 8-27) . The size of the RNA 
molecules i n  each hand that hinds the prohe can be determined by reference 10 

bands of RNA molecu les o l  known sizes (RNA standards) that are elec­
t rophoresed side by side with the experimental sample. In this way one might 
discover that l iver cells from the mutant mice make albumin RNA in normal 
amounts and of normal s i ze; a l ternat ively, albumin RNA of normal s ize might be 
detected in greatly reduced amounts. Another poss ibi l i ty is that the mutant 
albumin RNA molecules might be abnormally short and therefore move unusu­
ally quickly through the gel; in this case the gel blot could be retested with a 
series of shorter DNA probes, each corresponding to small port ions of the gene, 
ro reveal which part of the normal RNA is missing. 

An analogous gel-transfer hybridization method, called Soulhern blot t ing, 
analyzes DNA rather than RNA. Isolated DNA is first cur into readily separable 
fragments \\Sth restriction nucleases. The double-stranded fragments are Ihen 
separated on the basis of size by gel electrophoresis, and those complementary 
to a DNA probe are identified by blott ing and hybridization, as just described for 
RNA (see Figure 8-27) . To characterize t he struc ture of the albumin gene in the 
mutant mice, an albumin-specilic l)N1\ probe would be used to construct a 
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Figure 8-27 Detection of specific RNA or DNA molecules by gel­

transfer hybridization. In this example, the ONA probe is detected by its 
radioactivity, DNA probes detected by chemical or fluorescence methods are 
also widely used (see Figure �24). (A) A mixture of either single-stranded 
RNA molecules (Northern blotting) or the double-stranded DNA molecules 
cre,1ted by restriction nuclease treatment (Southern blonmg) is separated 
according to length by electrophoresis. (B} A sheet of either nitrocellu lose 
paper or nylon paper 1 s  laid over the gel. and the separated RNA or DNA 
fragments are transferred to the sheet by blotting. (C) The nitrocellulose sheet 
1s carefully peeled off the gel .  (D) The sheet cont;uning the bound nucleic acids 
,s placed in a sealed plastic bag together with a buffered salt solution containing 
a radioaetively labeled ONA probe. The paper sheet 1s exposed to a labeled 
DNA probe for a prolonged period under conditions favoring hybridization. 
(E) The sheet 1 s  removed from the bag and washed thoroughly. so that only 
probe molecules that have hybr1dited to the RNA or DNA immobilized on the 
paper remain attached. After autorad1ography, the DNA that has hybridized to 
the labeled probe shows up as bands on the autoradiograph. For Southern 
blotting. the strands of the double-stranded DNA molecules on the paper must 
be separated before the hybridization process; this ts done by exposing the 
DNA to alkaline denaturing conditions after the gel has been run (not shown). 

detailed restriction map of the genome in the region of the a lbumin gene. From 
this map one cou ld determine if the albumin gene has been rearranged in the 
defect ive animals-for example, by the deletion or the insert ion of a shon DNA 
sequence; most si ngle hasc changes, however, could not be detected in t h is way. 

Hybrid ization Techniques Locate Specific Nuc le ic  Ac id  
Sequences in  Ce l l s  or on Chromosomes 

Nucleic acids, no less than other macromolecules, occupy precise pos i t ions  in 
cells and t issues, and a great deal of po tent ial i nfo rmat ion is lost when t lwse 
molecules are ext racted by homogeniza t ion .  For this reason, rechniques have 
been developed in which nucleic acid  probes are used in much the same way as 
labeled ant ibodies to loca te  specific nucle ic acid sequences in sitll , a procedure 
called in situ hybridization. This procedure can now be done both for ONA in  
chromosomes and for HNA in  ce l l s .  Labeled nucleic acid probes can be  
hybridized to chromosomes tha t  have been exposed briefly ro a very high p l  I to 
disrupt their DNA base pairs. The chromosomal regions rhat bind the probe dur­
ing the hybridizat ion step are t hen visual ized. Original ly, rhis lechnique was 
developed with h ighly radioactive DNA probes, which were detected by auto­
radiography. The spatial resolution of the technique, however, can be greatly 
improved by label ing the DN,\ probes chemically (Figure 8 28) instead of 
radioactively, as described earlier. 

/11 si111 hybrid ization methods have also been developed that reveal t ill' dis­
tribution of specific RNA molecu les in cel l s  i n  t issues. In this case t he t issues art' 
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not exposed to a high pH, so the chromosomal DNA remains  double-stranded 
and cannot bind the probe, Instead the tissue i s  gen tly fixed so that its RNA is 
retained in an exposed form that can hybridize when the t issue is i ncubated 
wi th  a complemen tary DNA or RNA probe. In th i s  way t he pat terns of d ifferen­
tial gene expression can be observed in tissues, and the location of specific RNAs 
can be determined in cells (Figure 8-29) . In the Drosophila embryo, for example, 
SL1ch pat terns have provided new insights into the mechanisms that create dis­
t inctions between cel l s  in different positions during developme11 1 (described in 
Chapter 2 1  ) . 

Genes Can Be Cloned from a DNA Library 

Any DNA fragment that contains a gene of interest can be cloned. In  cell biology, 
the term DNA cloning is used in two senses. In one sense it literally refers to the 
act of making many identical copies of a DNA molecule-the amplificat ion of a 
particular DNA sequence. However, the term is also used 10 describe the isola­
t ion of a particular stretch of DNA (often a particular gene) from the rest of a 
cell's DNA, because th i s  isolation is greatly facilitated by making many identical 
copies of the DNA of i nt erest. 

DNA clon ing in its most general sense can be accomplished in several ways. 
The simplest i nvolves inserting a particular fragment of DNA into the puri lled 
DNA genome of a self-repl icating genetic element-generally a virus or a plas­
mid. ', DNA fragment containing a human gene, for example, can be joined in a 
test tube 10 the chromosome ol a bacterial virus, and the new recomb inant DNA 
molecule can then be introduced into a bacterial cell, Starting with only one 
such recombinant DNA molecule that infects a single cell, the normal repl ica­
tion mecl,anisms of the virus can produce more than 10 1 2  idet11 ical virus DNA 
molecules in less than a day, thereby amplifying the amount of the inserted 
human DNA fragment by t he same factor. A v i rus or plasmid used in this way is 
known as a clo11 i11g ,,ector, and the ONA propagated by insertion into it is said to 
have heen c/01 1ed, 

To isolate a specific gene, one often begins by const ructing a DNA library­

a com prehensive collection of cloned DNA fragments from a cell, t issue, or 
organism. This l ibrary includes (one hopes) at least one fragment that contains 
the gene of i 1 1 1 eres 1 .  l . i bro ries can be const ructed wi th  either a virus or a plasmid 
vector and are genera l ly housed in a population of bacterial cells. The principles 
underlying the met hods used for cloning genes are the same for either type of 
cloning vector, a l t hough t he  deta i l s  may differ. Today most cloning is performed 
with plasmid vectors. 

fhe plasmid vectors most widely used for gene cloning are small circular 
molecules of dou ble-s tranded ONA derived from larger plasmids that occur nat­
urally in bacterial cells. They generally account for only a minor fraction of the 
total host bacteria l  cel l DNA, hut they can easily be separated mving to their 
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Figure 8-28 In situ hybridization to 
locate specific genes on 
chromosomes. Here, s ix different DNA 
probes have been used to mark the 
location of their respective nucleotide 
sequences on human chromosome 5 at 
metaphasc. The probes have been 
chemical ly labeled and detected with 
fluorescent 3ntlbodies. Both copies of 
chromosome 5 are shown, aligned side by 
side. Each probe produces two dots on 
each chromosome. since a met.,phase 
chromosome has replicated its DNA and 
therefore cont,lins two identical DNA 
helices. (Courtesy of David C. Ward.) 

F igure 8-29 In situ hybridization for 
RNA localization. (A) Expression 
pattern of delta( i n  the early zebrafish 
embryo. This gene codes for a ligand in 
the Notch signaling pathway (discussed In 
Chapter 1 5). and the pattern shown here 
reflects its rote in the development of 
somites-the future segments of the 
vertebrate trunk and tai l .  (B) High­
resolution RNA ,n situ localization reveals 
the sites within the nucleolus of a pea cel l 
where ribosomal RNA is synthesized. The 
sausage-like structures. 0.5- 1 µm In 
diameter. correspond to the loops of 
chromosomal DNA that contain the genes 
encoding rRNA. Each small , white spot 
represents transcription of a single rRNA 
gene. (A. courtesy ofY1.1n-Jin Jiang: 
B. courtesy of Peter Shaw.) 
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small size from chromosomal DNA molecu les, which are large and precipitate as 
a pellet upon centrifugation. For use as cloning vectors, the purified plasmid 
DNA ci rcles are first cut with a restr ict ion nuclease to create l i near DNA 
molecules. The cellular DNA 10 be used in constrncting the library is cut wi th  the 
same restriction nuclease, and the resu l t ing restriction fragments {including 
those containing the gene to be cloned) are t hen added 10 the cut plasmids and 
annealed via their cohesive ends to form recombinant DNA circles. These 
recombinant molecules containing foreign DNA insens ure t hen covalent ly 
sealed with the enzyme DNA ligase (Figure 8-30) , 

In the next step in preparing the library, the recombinant DNA circles are 
introduced into bacterial cells t hat have been made t rans ient ly permeable 1 0  
DNA; such cells are said to  be transfected ,vith the  plasm ids .  As t hese ce l l s  grow 
and divide, doubling in number every 30 minutes, the recombinant  plasmids 
also replicate to produce an enormous number of copies of DNA c ircles con • 
taining the foreign DNA (Figure 8-31 ) .  Many bacterial plasmids carry genes for 
antibiotic resistance, a property that can be exploited to select t hose cells that 
have heen successfully transfected; if the bacteria arc grov\ n i n  t he presence of 
the antibiotic, only cells containing plasmids will survive. l�ach original bacterial 
�ell that was initially t ransfected comains, in general, a differen t  foreign DNA 
insert; t his insert is inherited hy a l l  of the progeny cells or that bacter ium,  which 
together fo rm a small colony in a culture dish, 

For many years, plasmids were used to clone fragments of DNA of 1 ,000 to 
30,000 nucleotide pairs. Larger DNA fragments are more di fficu l t  to handle and 
were harder to clone.  Then researchers began to use yeast art ificial chromo­
somes (YACs), which could handle very large pieces of DNA (Figure 8-32). Today, 
new plasmid vectors based on the naturally occurring F plasm id of E, coli are 
used to clone DNA fragments of 300,000 to 1 mil l ion nucleotide pai rs. Unlike 
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F igure 8-30 The insertion of a DNA 

fragment into a bacterial plasmid 
with the enzyme DNA ligase. The 
plasmid is cut open with a restnction 
nuclease (in this case one that produces 
cohesive ends) and Is mixed with the 
DNA fragment to be cloned (which has 
been prepared with the same restriction 
nuclease), DNA l igase, and ATP. The 
cohesive ends base•pa1r, and DNA ligase 
seals the nicks in the DNA backbone, 
producing a complete recombinant DNA 
molecule. (M1crographs courtesy ol 
H1.1ntington Potter and David Dress ler.) 

Figure 8-3 1 Purification and 
amplification of a specific DNA 

sequence by DNA cloning in  a 

bacterium. To produce many copies of a 
particular DNA seq1.1ence, the fragment is 
first inserted into a plasmid vector. as 

shown in Figure 8-30. The resulting 
recombinant plasmid DNA is then 
introduced into a bacterium. where it can 
be replicated many mil l ions of cImes as the 
bactenum multiplies. 
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smal ler bacterial plasmids ,  the F plasmid-and i ts derivative, the bacterial

arttncial chromosome (BAC)-is preseni in only one or two copies per E. coli

cell. The fact that BACs are kept in such low numbers in bacterial cells may con­
,ribute 10 ,heir abi l i t y  to maintain large cloned DNA sequences s1ahly: with only 
a few BACs presen t, it is less l ikely that the cloned DNA fragments wil l  become 
scrambled due to recombination with sequences carried on other copies of the 
plasmid. Because of the i r  st c 1bi l i t y, a l 1 i l i 1y to accep t large DNA inserts, and ease 
of handling, BACs are now the preferred vector for build ing DNA libraries of 
complex o rganisms-i ncluding those representing the human and mouse 
genomes. 

Two Types of DNA L ibraries Serve Different Pu rposes 

Cleaving the ent ire genome of a cell with a specific restrict ion nuclease and 
cloning each fragment as jus, described i s  sometimes called the "shotgun" 
approach to gene cloning. This technique can produce a very large number of 
DNA fragments-on the order of a million for a mammalian genome-which 
will generate mil l ions of d ifferent colonies of t ransfected bacterial cells. (When 
working with BACs rather than typical plasmids, larger fragments can he inserted, 
so fewer transfected bacterial cells are required to cover the genome.) Each of 
these colonies is composed of a clone of cells derived from a single ancestor cell , 
and therefore harbors many copies of a particular st retch of the fragmented 
genome (figure 8--33). Such a plasmid is said to contain a genomlc DNA clone, 
and the ent ire collection of plasmids is called a genomic DNA library. But 
because the genomic DNA is cu, into fragments at random, only some frag­
mems contain genes. Many of the genomic DNA clones obtained from the DNA 
of a higher eucaryotic cell con 1a in only noncoding DNA, which, as we discussed 
in Chapter 4, makes up most of the DNA in such genomes. 

S02 

Figure 8-33 Construction of a human genomic DNA library. 
A genomic l ibrary is usually stored as a set of bacteria. each carrying a 
different fragment of human ONA. For slmphc1ty. cloning of jun a few 
representafr..,e fragments (colored) i s  shown. In reality, all of the gray DNA 
fragments would also be cloned. 
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Figure 8-32 The making of a yeast 
artificial chromosome (YAC). A YAC 
vector allows the c loning of very large 
DNA molecules. TEL, CEN. and ORI are 
the telomere, centromere, and origin of 
replication sequences, respectively. for the 
yeast Saccharomyces cerevisJae. BamH 1 and 
EcoR I are sites where the correspond ing 
restriction nudeases cut the ONA double 
helix. The sequences denoted A and B 
encode enzymes that serve as selectable 
markers to allow the easy isolation of 
yeast cells that have taken up the artificia l  
chromosome. {Adapted from D.T. Burke. 
G,F. Carle. and M.V. Olson, Science 
2)6:B0IHl l 2, 1 987.) 
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Clouble•strandod cDNA copy of original mRNA 

An alternat ive strategy is  to begin the cloning process by selec t ing only 
those DNA sequences that are transcribed i nto mRNA and i l l us  are presumed 
to  correspond to protein-encoding genes. This  i s  done by ext ract ing tlw mRNA 
(or a purified subfraction of the mRNA) from cells and then making a comple­
mentary DNA (cDNA) copy of each mRNA molecule p resen t ;  this reac t ion i s  cat­
alyzed by the reverse transcriptase enzyme of ret rovi ruses, which synthesizes a 
DNA chain on an R:s!A template. The single-stranded DNA molecules synthe­
sized hy the reverse t ransc-riptase are converted in to double-s t randed DNA 
molecules by DNA polymerase, and these molecules are inserted into a plasmid 
or virus vector and cloned (Figure 8-34). Each clone obtained in this way is 
called a cDNA clone, and the entire collec t ion of clones derived from one mHNA 
preparation constitu tes a cDNA library. 

There are import ant differences between genomic DNA clones and cDNA 
clo1 1es, as il lustrated in Figure 8-35. Genomic clones represent a random sample 
of all of the DNA sequ<.�nces in an organism and, with very rare exceptions, are the 
same regardless of the cell type used to prepare them. By contras, ,  cDN \  clones 
contain only those regions of the genome that have been transcribed into mRNA.

Because 1he cel ls of di fferent t issues produce distinct sets of mRNA molecules, a 
dist inct cDNA l ibrary is obtained for each type of cell used to prepare 1he library. 

cDNA Clones Contain Un interrupted Cod ing Sequences 

The use of a cDNA library for gene cloning has several advantages. First, some 
proteins are produced in very large quantities by specialized cells. In this  case. 
the mRNA encoding the pro1ein is l ikely 10 be produced in such large quantities 
that a cDNA l ibrary prepared from the cells is highly enriched for the cDNA 
molecules encoding the protein, greatly reducing the problem of identifying the 
desired clone in  the l ibrary (see Figure 8-35). Hemoglobin, for example. is made 
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Figure 8-34 The synthesis of cDNA. 
Total mRNA is extracted from a particular 
tissue, and DNA copies {cDNA) of the 
mRNA molecules are produced by the 
enzyme reverse transcriptase (see p. 289). 
For simplicity. the copying of just one of 
these mRNAs into cDNA 1s i l lustrated. 
A short oligonucleot1de complementary 
to the poly-A tail at the 3' end of the 
mRNA {discussed in Chapter 6) is first 
hybridized to the RNA to act as a pnmer 
for the reverse transcriptase, which then 
copies the RNA into a complementary 
ONA chain, thereby forming a ONAIR.NA 
hybrid helix. Treating the ONAIRNA 
hybrid with RNase H (see Figure 5- 1 3) 
creates nicks and gaps in the R.NA strand. 
The remaining single-stranded cDNA Is 
then copied into double-stranded cDNA 
by the enzyme ONA polymerase. The 
primer for this synthesis reaction 1s 
provided by a fragment of the original 
mRNA. as shown. Because the DNA 

polymerase used to synthesize the second 
ONA strand can synthesize through the 
bound RNA molecules, the RNA fragment 
that is base-paired to the 3' end of the 
first ONA strand usually acts as the 
primer for the final product of the second 
strand synthesis, This RNA is eventually 
degraded during subsequent cloning steps. 
As a result, the nucleotide sequences at 
the extreme S' ends of the original mRNA 
molecules are often absent from cDNA 
libraries. 

S03 



chromosomal DNA 

exon intron nontranscribed 
DNA 

RESTRICTION NUCLEASE DIGESTION 

DNA fragments 

L m 

I 
ONA CLONING 

I 

-

== 

genomic ONA clone, In genomic DNA l ibrary 

ANA -
transcripts 

mANAs 

ene A gene B 

I TRANSCR IPTION I 

RNA 
SPLICING 

-
-
-
-
-

I I 

REVERSE TRANSCRIPTION ANO ONA CLONING 
I I 

-
-

== == 

== 

-

cDNA clones in cONA library 

in large amounts by developing erytluocytes (red blood cel ls) ; for this reason t he  
glohin genes were among the first to be cloned. 

By far the most important advantage of cDNA clones is t hat they contain t he  
uninterrupted coding sequence of a gene. As  we have seen, cucaryotic genes 
usually consis1 of short coding sequences of DNA (exons) separated by much 
longer noncoding sequences (in t rons); the production of mHN ,\ entai ls t he  
removal of  the noncoding sequences from the initial RNA transcript and the 
splicing together of the coding sequences. Nei ther bacterial nor yeast cells will 
make these modifications to the RNA produced from a gene of a higher eucary­
otic cell. Thus, when the aim of the cloning is either to deduce the amino acid 
sequence of the protein from the DNA sequence or to produce the protein in 
bulk by expressing the cloned gene in a bacterial or yeast cell, i t is much prefer­
able to start with cDNA. 

Genomic and cDNA libraries are inexhaust ible resources that are widely 
shared among investigators. Today, many such libraries are also available from 
commerciaJ sources. 

I solated DNA Fragments Can Be Rap id ly Seq uenced 

In the late 1 970s methods were developed that allowed the nucleot ide sequence 
of any purified DNA fragment to be determined simply and qu ickly. They have 
made it possible to determine the complete DNA sequences ol tens of thou­
sands of genes, and many organisms have had their DNA genomes fully 
sequenced (see Table 1-1, p. 20) . The volume of DNA sequence information i s  
now s o  large (many tens o f  billions o f  nucleot ides) that powerful computers 
must be used to store and analyze it. 

Large volume DNA sequencing was made possible through the develop­
ment in the mid-1970s of the dideoxy method for sequencing DNA, wl1ich is 
based on i11 11irro DNA synthesis performed in the presence of cha in- terminat­
ing dideoxyribonucleoside triphosphates (Figure S-36). 

Although the same basic method is still used today, many improvements 
have been made. DNA sequencing is now completely automated: robotic 
devices mix the reagents and then load. run, and read the order of the nucleotide 
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Figure 8-3 5 The differences between 
cDNA clones and genomic DNA 
clones derived from the same region 
of DNA. In this example gene A is 
infrequently transcribed, whereas gene B 15 
frequently transcribed, and both genes 
contain introns (green). In the genomic 
DNA library, both the intrans and the 
nontranscribed DNA (pmk) are included In 
the clones, and most clones contain, at 
most. only part of the coding sequence of 
a gene (red). In the cDNA clones the 
intron sequences (yellow) have been 
removed by RNA splicing during the 
formation of the mRNA (blue), and a 
continuous coding sequence i s  therefore 
present ,n c.ich clone. Because gene B Is 
transcribed more abundantly than in gen 
A in the cells from which the cDNA 
l ibrary was made, i t  is represented n1uch 
more frequently than A in the cDNA
library. In contrast.A and B 1rc: in principle 
represented equally in  the genomic DNA 
l ibrary. 

bases from the gel. This is faci l i tated by using chain- terminat ing nucleotides 
that are each labeled with a d ifferent colored fluorescent dye: in th is  case, all four 
synthesis reac( ions can be performed in the same tube, and the products can be 
separated in a single lane of a gel. A detector positioned near the bottom of the 
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Figure 8-36 The enzymatic-or dideoxy­
method of sequencing DNA. (A) This method 
relies on the use of dideoxyribonudeoside 
triphosphates. derivatives of the normal 
deoxyribonucleos1de mphosphates that lack the 3 ' 
hydroxyl group. (B) Purified DNA is synthesized in 
vnro in a mixture that contains single-stranded 
molecules of the DNA to be sequenced (gray), the 
enzyme DNA polymerase. a short primer ONA 
(orange) to enable the polymerase to start DNA 
synthesis, and the four deoxynbonucleoside 
trophosphates (dATP. dCTP. dGTP. dTTP: green A. 
C, G. and l). If a dideoxyribonudeotide analog 
(red) of one of these nucleolides i s  also present in 
the nuc leotide mixture, it can become 
incorporated into a growing DNA cha.in. Because 
this chain now lacks a 3' OH group. the addition 
of the next nucleotide is blocked. and the DNA 
chain terminates at that point. In the example 
illustrated. a small amount of dldeoxyATP (ddATP. 
symbolized here as a red A) h:n been included in 
the nucleotide mixture. It competes with an 
excess of the normal deoxyATP (dATP. green A). so 
that ddATP is occasionally incorporated, at 
random, into a growing DNA strand. This reaction 
mixture will eventually produce a set of DNAs of 
different lengths complementary to the template 
DNA that is being sequenced and terminating at 
each of the different A's.The exact lengths of the 
DNA synthesis products can then be used to 
determine the position of each A In the growing 
chain. (C) To determine the complete sequence of 
a DNA fragment. the double-stranded DNA is 
first separated into its single strands and one of 
the strands is used as the template for sequencing. 
Four different chain-terminating 
dideoxyribonucleos1de triphosphates (ddATP. 
ddCTP. ddGTP, ddTTP, again shown in red> are 
used in four separate DNA synthesis reactions on 
copies of the same single-stranded DNA template 
(gray). Each reaction produces a set of DNA 
copies that terminate at different points in the 
sequence. The products of these four reactions are 
separated by electrophoresis in four parallel lanes 
of a polyacrylamide gel (labeled here A, T. C. and 
G). The newly synthesized fragments are detected 
by a label (either radioactive or fluorescent) that 
has been incorporated either into the primer or 
into one of the deoxyribonucleoside triphosphates 
used to extend the DNA chain .  In each lane. the 
bands represent fragments that have terminated at 
a given nucleotide (e.g., A in the leftmost lane) but 
at different positions In the DNA. By reading off 
the bands in order, starting at the bottom of the 
gel and working across al l lanes. the DNA 
sequence of the newly synthesized strand can be 
determined. The sequence Is given in the green 

arraw to the right of the gel. This sequence Is 
identical to that of the 5' ➔ 3' strand (green) of 
the original double-stranded DNA molecule 
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gel reads and records the color of the fluorescent label on each band as it passes 
t hrough a laser beam ( Figure 8-37). A computer then reads and stores t lus 
mtcleo i idc sequence. 

Nuc leoti d e  Sequences Are Used to Pred ict the Amino 
Acid Sequences of Prote ins  

Now tha t  DNA sequenc ing is so  rapid and  rel iable, i t  has  become the preferred 
method for determining, indirectly, the amino acid sequences of most proteins. 
Given tt nucleot ide sequence t hat encodes a protein, the procedure is qu i te  
straigh t forward. Al though in principle there are s ix  d ifferent read ing frames in  
which a DNA sequence can be  translated into protein (three on each strand), the 
correct one is general ly recognizab le as the only one lacking frequent stop 
codons (Figure 8-38). As we saw when we discussed the genetic code in Chapt_er 
6, a random sequence ol nucleot ides, read in frame, will encod,• a stop signal tor 
protein synthesis about once every 20 amino acids. Those nucleotide sequences 
that encode a s t retch of amino acids much longer than this are candidates for 
presumpt ive exons, and t lwy can be t 1 a1 1s!ated (by computer) into amino acid 
sequences and checked aga ins t  dat abases for similarities to known proteins 
from ot her organism�.  If nl'cessa ry, a l im i 1ed amount of amino acid sequence 
can t lwn  bP cl e ! t>rrn i ned from t he pur ified protein to confirm the sequence 
pred icted lrom l i te DNA. 
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Figure 8-3 7 Automated DNA 
sequencing. Shown here is a tiny part of 
the data from an automated 
DNA-sequencing run as it appears on the 
computer screen. Each colored peak 
represenu a nucleotide in the DNA 
sequence--a clear stretch of nuc leotide 
sequence can be read here between 
positions 1 73 and 1 94 from the start of 
the sequence. This particular example is 
taken from the international project that 
determined the complete nucleotide 
$equence of the genome of the plant 
Arob,dopsis. (Courtesy of George Murphy 

Figure 8-38 Finding the regions in a 
DNA sequence that encode a 
protein. (A) Any region of the DNA 
sequence can, in principle, code for six 
different amino acid sequences, because 
any one of three different reading frames 
can be used to interpret the nucleotide 
sequence on each strand. Note that a 
nucleotide sequence is always read ,n tt 
S'-to-3' chain direction and encodes a 
polypeptide from the ammo (N) to the 
carboxyl (C) terminus. For a random 
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every 21 amino acids (once every 
63 nucleotides). In  this sample sequenc, of 
48 base pairs, each such signal (swp codon} 

is colored green, and only reading frame 2 
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� 

lacks a stop signal. (B) Search of a 1 700 
base-pair DNA sequence for a possible 
protein-encoding sequence. The 
information Is displayed as in  (A), with 
each stop signal for protein synthesis 
denoted by a green line. In  addition. al l ol 
the regions between possible start and 
stop signals for protein synthesis 
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3' 
S' 

500 base pairs 

(see pp. 348-350) are displayed as red 
bars. Only reading frame I actually 
encodes a protein. which Is 475 amino 
acid residues long. 

The problem comes, however, in delermining which nucleotide sequences­
with in a whole genome sequence-represent genes t hat encode proteins. Iden­
tifying genes is easies! when the DNA sequence i s  from a bacterial or archeal 
chromosome, wh ich lncks in t rans,  or from a cDNA clone. The loca tion of genes 
in these nucleotide sequences can he predic1ed hy examining the DNA for cer­
tain di stinctive fea tures (discussed in Chapter 6) .  Briefly these genes that encode 
proteins are identified by searching the nucleotide sequence for open reading 
frames (ORFs) that begin wi t h  an init iation codon, usually ATG, and end with a 
termination codon,  TM, TAG, or TGA. 'l o m inimize errors, computers used to 
search for ORFs are often direcled to coun t  as genes only those sequences that 
are longer than, say, I OO codons in lengt h .  

For more complex gr11on1es, sue ! ,  as  1 hose of eucaryo1es, the  process i s  com­
plicated by  the  presence o f  large in i rons embedded w i th in  the  coding ponion of  
genes. I l l  many  mul t ire l lu lm organism..,, i 1 1c l ud ing humans, the  average exon is 
only 150 nucleotides long. Thus in  eucaryotes, one must also search for other 
features that signal the presence or a gene, for example, sequences that signal an 
intron/cxon boundary or dist inct ive upstream regulatory regions. 

A second major app roach to iden t ifying the coding regions in chromosomes 
is through the characteriza t ion of t he nucleotide sequences or the detectable 
mRNAs (in the form or cONAsJ. The mRN1\s (and the cONAs produced from 
them) lack intrans, regulatory ONA sequences, and the nonessential "spacer" 
DNA that l ies between genes. It is therefore useful to sequence large numhers of 
cONAs to produce a very large collection (called a database) of the coding 
sequences of an organism. These sequences are then readi ly used to distinguish 
the exons from the introns in the long chromosomal ONA sequences tha t  corre­
spond to genes. 

Final ly, nucleot ide sequences that are conserved between closely related 
organisms usually encode proteins. Comparison or these conserved sequences 
in different species can also provide insight  into the function of a particular pro­
tein or gene, as we see later in the chapter. 

The Genomes of Many O rgan isms Have Been Ful ly Sequenced 

Owing in large part to the automation of ONA sequencing, the genomes ol many 
organisms have been fully sequenced; these include pla1 1 t  ch loroplasts and an i ­
mal  mitochondria, large numbers of bacter ia and archea, and many of the 
model organisms that are studied routinely in the laboratory, includ ing several 
yeasts, a nematode worm, the fruit fly DrosO/Jlri/a, t he model plant !\rahhlopsis, 
the mouse, and, last but not least, humans. Researchers have a l so deduced the 
complete DNA sequences for a wide variety of human pathogens. These 
include t he bact eria that cause cholera, tuberculosis, syph i l is , gonorrhea, Lyme 
disease, and stomach ulcers, as well as hundreds of viruses-including smallpox 
virus and Epstein-Barr vi rus (which causes i n fect ious mononucleosis) . Exami­
nation of the genomes of these pathogens should p rovide clues about what 
makes them virule11 1 ,  and will also point the way to new and more effect ive 
t reatments. 

Haemopl,i/11s influenzae (a hacterium that can cause ear infections or 
meningi t i s  in children) was the first  organism to have i 1s  complete genome 
sequence-al l  1 .8 m i l l ion nucleot ides-determined by the shotgun sequencing 
method, the most common strategy used today. In the shotgun method, long 
sequences of  DNA me broken apart randomly into many shorter fragments. 
Each fragment is then sequenced and a computer is used 10 order these pieces 
into a whole chromosome or genome, using sequence overlap to guide the 
assembly. The sl10tgun method i s  the technique of choice for sequencing small 
genomes. Alt hough larger, more repetit ive genome sequences are more tricky to 
assemble, the shotgun method has been useful for sequencing the genomes of 
Drosop/1//a 111ela11ogasrer, mouse, and human. 
. With new sequences appearing at a steadily accelerating pace in the scien­

ltfic literature, comparison of t he complete genome sequences of different 
organisms allows us to trace the evolutionary relationships among genes and 
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organisms, and to discover genes and predic1 their funct ions. Assign ing  func­
tions 10 genes often involves comparing their sequences with  related sequences 
from model organisms that have been ,veil characterized in the laboratory, such 
as t he bacterium £. coli, the yeasts S. cerevisiae and S. µ011 1 1,e, the nematode 
worm C. elegans, and the frui t  fly Drosop/1ila (discussed i n  Chap ter I ) .  

Although the organisms whose genomes have been sequenced share many 
cel l u lar pathways and possess many proteins that are homologous in their 
amino acid sequences or structure, the functions of a very large number of newly 
ident i lied proteins remain unknown. Some 15-40% of the proteins encoded by 
t hese sequenced genomes do not resemble any o ther protein t hat has been 
characterized functionally. This observation underscores one of the l imitat ions 
of t he emerging tield of genomics: although comparat ive analysis of genomes 
reve,ds " great deal of information about the relationships between genes and 
organ isms, i t  often does not pro,,de immediate information about how these 
genes funct ion, or what roles they have in the physiology of an organism. Com­
parison of the ful l  gene complement of several rhermoph i l ic bacteria, for exam­
ple, does not reveal why these bacteria thrive ar temperatures exceeding 70°C. 
And examination of the genome of the incredibly radioresistant bacterium 
Dei11ococc11s mdiod11m11s does not explain how this organ ism can survive a blast 
of radiation that can shat ter glass. Funher biochemical and genetic studies, like 
those described in the final sections of this chapter, arc required to determine 
ho,,1 genes function in the context of living organisms. 

Selected DNA Segments Can Be Cloned in a Test Tube 
by a Po lymerase Chain Reaction 

Now that so many genome se4uences are available, genes can be cloned d i rect ly 
without the need to cons1rt1c1 DNA l ibraries first .  A technique called the JlOly­
merase chain react ion (PCR) makes this rapid clon ing possible. PCn nllows t he 
DNA from a selected region of a genome 10 be amplified a billionfold, effectively 
"purifying" t h is DNA away from I he remainder of the genome. 

Two sets of DNA oligonucleotides, chosen to flank the desired nucleotide 
sequence of the genf". a re syn thesized by chemical methods. These oligonu­
cleot ides are then used to  1Jrimc DNJ\ synthesis on single strands generated by 
heat ing the DNA from the ent ire genome. The newly synthesized DNA is pro­
duced in a reaction cata lyzed i11 uitro by a purified DNA polymerase, and the 
primers remain at the 5' ends of t he final DNJ\ fragments that are made (Figure 
8-39A) . 

Not h ing special is produced in the first cycle of DNA synthesis; the power of 
t he  !'CR method is revealed only after repeated rounds of DNA synthesis. Every 
cycle doubles the amount of DNA synthesized in the previous cycle. Because 
each cycle requires a brief heat treatment to separate the two strands of the tem­
plate DNA double hel ix , t he technique requires the use of a special DNA poly­
merase, isolated from a thermophil ic bacterium,  that is stable at much higher 
temperatures than normal , so that i t  is not denatured by the repeated heat treat­
men ts. With each round of DNA synthesis, the newly generated fragments serve 
as templates in their turn,  and within a few cycles the predominant product is a 
single species of DNA fragment whose length corresponds to the distance 
between the two original primers (see f'igure 8-39B). 

In practice, 20-30 cycles of react ion are required for effective DNA amplifi­
cation, with the products of each cycle serving as the DNA templates for the 
next-hence the term polymerase "chain react ion." A single cycle requires only 
abom 5 minutes, and the entire procedure can he easi ly automated. PCR thereby 
makes possible the "cell-free molecular clon ing" of a DNA frag1ne11 1 in a few 
hours, compared with t he  several days required for standard cloning proce­
dures. This technique is now used routinely to clone DNA from genes of interest 
directly-starting either from genomic DNA or from 111 RNA isolated fro 111 cdls 
(Figure 8-40) . 

The PCR method is extremely sensitive; it can detect a single DNA molecule 
in a sample. Trace amounts of HNA can be analyzed in the same way by first 

508 Ch,ptor 8 : MANIPULATING PROTEINS. DNA. AND RNA 

... 

!Al 

I 
HEAT TO 

SEPARATE 

.,. 5' 

double-stranded STRANDS 
DNA \ 

HYBRID IZATION 
OF PRIMERS [

DNA polyme<asa
j +dATP 

+dGTP
+dCTP
+dTTP

ONA 
SYNTHESIS 

FROM 
PRIMERS 

(Bl 

STEP 1 

separate DNA 
strands and add 

rrimer 

STEP 2 
FIRST CYCLE 

ONA 

synthesis
- --

5' 

STEP 3 

separate DNA 
strands and anneal 

primer 

I .,. 

saparate DNA ONA 
strands and anneal syn!hesis ONA primer ,, 

synthesis 
,. -

" 

I
.,. 

.. \
-=== 

\ .. ,,.- .,. ==-I .. -== etc DNA oligonucleotide I ., - ' I -

primers 
c___ 

/ .,. =-
reg1on of \ 

I 
.,. ===-

---...__ -. double•strc1nded -=== 
chromosomal 

-
===- ===-

DNA 10 be 
ampl ified 

\ / .. - ,. ===-
.. 

" 
FIRST CYCLE SECOND CYCLE THIRD CYCLE 

(producing two double-stranded (producing four double-stranded (producing eight double-stranded 
DNA molecules) DNA molecules) DNA molecules) 

Figui-e 8-39 Ampl ification of DNA using the PCR technique. Knowledge of the DNA sequence to be 
ampl ified i s  used to design two synthetic DNA oligonucleotides. e.1ch complementary to the sequence on 
one strand of the DNA double helix at opposite ends of the region to be amplified. These o!igonucleotides 
serve as primers for in vitro DNA synthesis. which is performed by a DNA polymerase, and they determine 
the segment of the DNA that is amplified. (A) PCR starts with a double-stranded DNA, and each cycle of the 
reaction begins with a brief heat treatment to separate the two strands (step l ) . After strand separation, 
cooling of the DNA in the presence of a large excess of the two primer DNA oligonucleotides allows these 
primers to hybridize to complementary sequences in the two DNA strands (step 2) . This mixture is then 
incubated with DNA polymerase and the four deoxyribonudeoside triphosphates so that DNA is 
synthesized, starting from the two primers (step 3) . The entire cycle i s  then begun again by a heat treatment 
to separate the newly synthesized DNA strands. (B) As the procedure is petiormed over and over again, the 
newly synthesized fragments serve as templates in their turn. and within a few cycles the predominant DNA 
is identical to the sequence bracketed by and including the two primers in the original template. Of the DNA 
put into the original reaction, only the sequence bracketed by the two primers 1s amplified because there are 
no primers attached anywhere else. In the example illustrated in (B). three cycles of reaction produce 
16 DNA chains, 8 of which (boxed in yellow) are the same length as and correspond exactly to one or the 
other strand of the original bracketed sequence shown at the far left; the other strands contain extra DNA 
downstream of the original sequence, which is replicated in the first few cycles. After three more cycles, 
240 of the 256 DNA chains correspond exactly to the original bracketed sequence, and after several more 
cycles, essent131iy 311 of the ONA strands have this unique length. 

tnmscrih ing t hem i1110 DNA with reverse transcriptase. The PCR cloning tech­
nique has largely replaced Southern bloning for the d iagnosis of genetic dis­
eases and for t he detection of low levels of viral infection. I t  also has great 
Promise in forensic medicine as a means of analyzing minute traces of blood or 
other t issues-even as l i t t le as a single cell-and identifying the person from 
whom they came by his or her genetic "fingerprint" (Figure 8-41) . 
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Figure 8--40 Use of PCR to obtain a genomic or cDNA clone. 
(A) To obtain a genomic clone by using PCR, chromosomal DNA is first 
purified from cells. PCR primers that flank the stretch of DNA to be cloned 
are added. and many cyc les of the reaction are completed (see Figure 8-39), 
Since only the DNA between (and including) the primers is amplified, PCR 
provides a way to obtain a short stretch of chromosomal DNA selectively in 
a pure form. (B) To use PCR to obtain a cDNA clone of a gene. mRNA is 
first purified from cells. The first primer i s  then added to the popu lation of 
mRNAs, and reverse transcript1se i s  used to make a complementary DNA 
strand. The second primer 1s then added, and the single-stranded DNA 
molecule is amplified through many cycles of PCR. as shown in Figure 8-39. 
For both types of cloning. the nucleotide sequence of at feast part of the 
region to be cloned must be known beforehand. 

Cel lu lar  Prote ins Can Be Made in Large Amounts 
Through the Use of Express ion Vectors 

f-ifteen years ago, the only proteins in  a cell 1ha1 could be s1ud ied easily were the 
relatively abundant ones. S1ar1 ing w ith several hundred grams of cel ls, a major 
protein one thar const i t u tes 1 % or more or t he 101a l  cel lu lar  pro1ei 1 1-ran he 
purified hy sequential chromatography s1eps to yield perhaps 0. 1 g ( I 00 mg) of 
pure protein . ·1 his amoun1 was sufficient for conven t ional amino cicid sel1 uenc­
ing, for detailed analysis or biochemical act ivit ies, c.111cl for the product ion of 
antibodies, which could then he used to localize 1 he protein in the r,· 1 1 .  More­
over, if su i t able crystals could be grown {often a d i llicu l 1  t ask), the I h re1'-cl i 1 1 1en ­
sional s t ructure of the protein could be determined hy x-ra.y diffi acl ion 1 ech­
niques. as we wil l  discuss later. The suuc1ure and funclion ol many ahu11dant
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Figure 8--4 1 How P C R  is used in forensic science. (A) The D N A  sequences that create t h e  variabi l ity used in this analys i s  contain runs of 
short, repeated sequences, such as CACACA . , . , which are found in v3r1ous pos itions (loci) In the human genome. The number of repeats m each 
run can be highly variable in  the population. ranging from 4 to ◄0 in different individuals. A run of repeated nucleotides of this type is  commonly 
referred to as a hypervarlable microsatel/ite sequence--also known as a VNTR (variable number o( 1ondem repeat) sequence. Because of the variability 
In these sequences at each locus, ind ividual s usually inherit a different vanant from their mother and from their father; two unrelated ind ividuals 
therefore do not usually contain the same pair of sequences. A PCR analysis using pnmers that bracket the locus produces a pair of bands of 
amplified DNA from each 1nd1vidual, one band representing the maternal variant and the other representing the paternal variant. The length of the 
amplified DNA, and thus the posiuon of the band ic produces after electrophoresis. depends on the exact number of repeau at the locus. 
(B) In the schemauc example shown here. the same three VNTR loci are analyzed (requiring three different pa irs of specialty selected 
oligonucleotide primers) from three suspects (individuals A. 8. and C), producing six DNA bands for each person after polyacrylamlde gel 
electrophores is. Although some individuals have several bands in common, the overnll panern i s  qutte distinctive for each. The band pattern can 
therefore serve as a "fingerprint" to identify an ind ividual nearly uniquely. The fourth lane (F) contains the products of the same reactions carried 
out on a forensic sample. The starting material for such a PCR. can be a smgle hair or a tiny sample of blood that was left at the cr ime scene. 
When examining the variability at S to l O different VNTR. loci. the odds that two random individuals would share the same genetic pattern by 
chance can be approximately one in IO billion. In the case shown here, individuals A and C can be eliminated from fu1 ther enquines, whereas 
individual B remains a clear suspect for committing the crime. A similar approach is now routinely used for paternity testing. 
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Figure 8-42 Production of large amounts of a protein from a 
protein-coding DNA sequence cloned into an expression vector 
and introduced into cells .  A plasmid vector has been engineered to 
contain a highly active promoter, which causes unusually large amounts of 
mRNA to be produced from an adjacent protein-coding gene inserted into 
the plasmid vector. Depending on the characteristics of the clon ing vector; 
the plasmid i s  introduced into bacterial, yeast, insect, or mammalian cells, 
where the inserted gene is efficiently transcribed and translated into protein. 

pro1eins-including hemoglobin, trypsin, immunoglobulin, and lysozyme­
were analyzed in this way. 

The vast majority of the thousands of different proteins in a eucaryotic cell, 
however, including many wi th crucially importam func1 ions, are present in very 
small amounts. For mos, or them it is extremely difficul t ,  if not impossible, to 
obtain more than a few micrograms of pure material. One of the most important 
contributions of DNA cloning and genetic engineering to  cell biology is that they 
have made it possible to produce any of the cell's proteins in nearly unlimi1etl 
amounts. 

Large amounts of a desired protein are produced in living cel l s  by using 
expression vectors (Figure 8-42). I hese are generally plasmids that have been 
designed to produce a large amount of a stable mRNA that can be efficiernly 
translall'd inro protein in the t ransfectcd bacteria l ,  yeast, insect, or mamma l ian 
cell. To prevenr the h igh level of the foreign protein from interfering with the 
transfected cell 's grm,1h, the expression vecror is often designed so that 1he syn­
thesis of the foreign mRNA and pro1ein can he delayed uni i i shortly before 1he 
cells are harves1ed (Figure 8-43). 

Because the desired protein made from an expression vector i s  produced 
inside a cell, i t  must be purified away from 1he host cell proreins by chro111a 1og­
raphy following cell lysis; but because i t  is such a plentiful species in the cell 
lysate (often 1- 10% of the total cell protein) . the purification is usually easy to 
accomplish in only a few steps. Many expression vectors have been designed to 
add a molecular tag-a cluster of histidine residues or a small marker p rotein­
to the expressed protein to make possible easy purification by affinity cluo­
matography, as discussed previously (see pp. 483-484). A variety of expression 
vectors are available, each engineered to function in the type of cell in which the 
pro1ein is to be made. In this way cells can be induced to make vast quantities of 
medically useful proteins�such as human insulin and growth hormone, inter­
feron, and viral antigens for vaccines. More generally, these methods make it 
possible to produce every protein-even those that may be present in only a few 
copies per cell-in large enough amounts to be used in the kinds of detailed 
structural and functional studies that we discuss in the next section (Figure 8-441 . 

DNA technology can also be used to produce large amounts of any RNA 
molecule whose gene has been isolated. Studies of RNA splicing, protein syn­
thesis, and RNA-based enzymes, for example, ar greatly facilitated by the avail­
abi l ity of pure RNA molecules. Most RNAs are present in only tiny quantities in 
cells, and they are very difficult to purify away from other cellular components­
especially from the many thousands of other RNAs present in the cell . But any 
RNA of interest can be synthesized efficiently in vitro by transcription of its 
DNA sequence with a highly efficient viral RNA polymerase. The single species 
of RNA produced is then easily purified away from the DNA template and the 
RNA polymerase. 

S 1 2  

Fi gure 8-4 3  Production of large amount5 of a protein by using a 
plasmid expression vector. In  this example, batt.erial cel ls have been 
transfected with the coding sequence for an enzyme, ONA hel icase; 
transcription from this coding sequence i s  under the control of a viral 
promoter that becomes active only at temperatures of 37°C or higher. The 
total cell protein ha.s been analyte·d by SDS-polyacrylamide gel 
electrophoresis. either from bacteria grown at 25aC (no hel icase protein 
made). or after a shift of the same bacteria to ◄2°C for up to 2 hours 
(hehcase protein has become the most abundant protein species in  the 
lysate}. (Courtesy of Jack Barry.) 
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DNA c/011i11g allows " copy of "ny s1iecific part of a DNA or RNA sequence to be 
selected from the millions of other sequences in a cell and produced in unlh11iled 
amow,ts in 1>11re form. DNA sequences can i,e amplified after culling chromosomal 
DNA with a restriction nuclease and i11ser1ing tlze resulting DNA fragments into the 
chro111oso111e of a self replica ci11g ge11etic element. Plns111id vectors are generally 11sed 
anti the resu It i ng "genomic DNA I ibrary" is housed i II mi  flions of bacterial cells, eacl, 
carrying tt dlfferem cloned DNA fragment. Intlivid1wl cells tltat are allou,ed 10 pro� 
liferate pro,luce large m110,1 11ts of a si1 1gle cloued DNAfmgmemfrom this library. As 
an alt'ernmive, the polymerase chain reactio11 (l'CllJ allows DNA cloning to be ver­
formed directly with a purified, thermostable DNA 11olymernse---pro1,idi11g that tile 
DNA sequence of interest is already know11. 

The />rocetfores used to obtah1 DNA c/011es that corresJJond in sequence to mRNA 
molecules are the same exce1>t that a DNA CO/,Y oftlte mRNA seq11e11ce, calletl cDNA, 
ts first made. U11likegeno111ic DNA clones, cDNAcJ011es lack intron seq,,e,,ces, '""king 
them the clones ofchoicefor mwlyzi11g the µrotein product of a gene. 

Nucleic acid hybridiu11io11 reactions provide a sensitive memis of detecting a 
gene or any other 1111cleotitle se,1ue11ce of choice. Under stringent hybridization con­
ditions (a combination ofsolt•ent and temperalure where a 11erfect double /1eliJ..· is 
barely stable), tll'o strands can pair to form a "hybrid" helix 011/y if their 11ucleotide 
sequences are almost perfectly complementary. The enormous specificity of this 
hybri1lizatio11 reaction allows any si1 1gle-stranded sequence of nucleotides to be 
labeled with a radioisotope or chemical and used as a probe to find a complemen­

tary partner stra11d, even in a cell or cell extract that con tains millions of different 
DNA and RNA sequences. Probes of this type are widely used to defect the nucleic 
acids corresponding to Sf)ecific genes, both to facilitate their purification and char­
acterization and to localize them in cells, tissues, and organisms. 

The nucleotide sequence of purified DNA fragments can be determined rapidly 
and simply by using highly automated tecl 1 1 1 iques based on the dideoxy method for 
sequencing DNA. This technique has made it possible to determine tlze complete 
DNA sequences of tens of thousands of genes and to completely sequence the 
genomes of many organisms. Comparison of the ge11ome sequences of different 

organisms allows us to trace the evolutionary relation.ships among genes and
organisms, and it has proved valuable for discovering new genes and predicting 
their function. 

Taken together, these techniques have made it possible to identify, isolate, and 
sequence genes from any organism of in terest. Related technologies allow scientists 
to produce the protein products of these genes in the large quantities needed for 
detailed analyses of their structure and function, as well as/or medical purposes. 

ANALYZ I N G  PROTEIN STRUCTU RE A N D  FU N CTION 
Proteins perform most o f  the work o f  living cells. This versatile class o f  macro­
rno!ecule is involved in virtually every cellular process: proteins replicate and
trans�ribe DNA, and produce, process, and secrete other proteins. They control 
cell d1V1s1on, metabolism, and the flow of materials and informa1 ion into and out 
of the ceU. Understanding how cells work requires understanding how proteins 
function. 

ANALY21NG PROHIN STRUCTURE AND FUNCTION 

Figure 8-44 Knowledge of the 
molecular biology of cells makes it 
possible to experimentally move 
from gene to protein and from 
protein to gene. A small quantity of a 
purified protein i s  used to obtain a partial 
amino acid sequence. This provides 
sequence information that enables the 
corresponding gene to be cloned from a 
DNA l ibrary. Once the gene has been 
cloned. its protein-coding sequence can be 
inserted into an expression vector and 
used to produce large quantities of the 
protein from genetically engineered cel l s .  
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T he ques t ion of what a p r otei n does inside a l i ving cell is 1 101  a simple one 10 
answer. Imag i ne isola I i ng an uncharacter ized pr otein and d iscover i ng that i ts 
s tr uctu re  and amino ac id sequence suggest that i t acr s  as a pr otei n k i nase. Sim ­
pl y knowing that the  protei n can add a phosphate gr oup to ser ine residues, for 
examp l e, does no t re veal how it fu nct ions in a l i v i ng orga n i s m . Add i 1 ional infor ­
mation is r equir ed to under stand the conteXt in which the b iochemical activity 
is used. Where is t h is k inase located i n the cell and what  are i ts p r o t ei n tar gets? 
In w h ich tissues is i t  act ive? Which pathways does it influence? What role does i t  
have i n  t h e  g r owth o r  develop ment o f  the o r ga n ism? 

In t his' section, we d isc uss the methods c u r r ently used 10 character i ze pro• 
tein st r uc tu re  a nd fu nc I ion. We begin with an e xan1 inat ion of the techniques 
used to deter m i ne the t h ree- d i mensional st r uct u r e  of pur i fied pr oteins. \Ve then 
discuss methods that are used 10  predict  how a p r o tein functions, based on its 
homology to ot her known p r oteins and its location i nside the cel l .  F ina l ly. 
because most p r oteins act i n concer t with other p roreins , we present techn iq ues 
for de 1 ect i 1 1g p r o t e i n- protein i n teract i ons. But  t hese approaches only begin 1 0  
define h o w  a p r otein might work inside a cel l .  In  t h e  last section o f  th is chapter 

we discuss how genet ic appr oaches are used to  dissect and analyze the biological 
processes i n wh ich a given p r o t ein fu nctions. 

T he Dif fraction of X- rays  by P rotein C r ystals Can Reveal 
a Prote i n 's Exact Str uctu re 

Star t i ng wi th  the amino acid sequence of a p rote in, one can o ften p redict wh ich 
second ar y  str u c t u r a l  elements, such as membrane -spa n ning a hel i ces, w i l l  be 

pr esent in the protei n . It is p resent ly 1 10 1  possible, however. 10 deduce rel iably 
t he three -d i mensional  folded st r u c t u re of a protein from its amino acid 
sequence unless i ts  amino acid sequence is ve r y  sim ilar to Lhat of a pr o tein 

whose three - d imens i onal st ruct u re is already kn own . The main technique that 
h as been used 10 d iscover the th ree - d ime11Sional str ucture of molecules, includ ­
ing proteins, at atom ic resolut ion is x- ray cr ystallo graphy. 

X- rays, l i ke l igh t ,  ar e a for m of electromagnetic radiation,  bu t t hey have a 
m uch shor ter wavelength, t )']J ica lly a r ound 0. 1 1 1 1 1 1  (the diameter of a h yd rogen 

atom) . If a n a rrow parallel beam of x- rays is dir ected at a sample of a p u re pro­
tein, most of the  x -rays pass st raigh t  th rough i t . A sma ll fraction, howeve r, is 
sca t t ered by the a to m s in the sample. I f  the sam p l e  is a we ll -o rdered crystal, the 
sca t t ered waves re info rce one ano ther at cer t ain points a n d  appear as d iffraction 
s p o t s  when t he x- r a ys are reco rded hy a s u i table detector ( F igure 8-4 5) . 

The position and i nt ensity of each spot in the x- ray d iffract ion  pattern con ­
tain in formation abo u t  t he loca t ions  of the a toms i n  t h e  crys t al that gave rise to 
i t .  Ded uci ng the three- dimensio nal struct ure of a l a rge molecule from the 
diffraction p att e rn  of i ts crystal is a comp lex task an d was not ach ie ved for a 

pr o tei n molec u le u n ti l 1 9 60 . But in re cen t years x- ray di ffr a c tion ana lysis h as 
become incre asing)) a u tomated, and now , he slowest s tep is likely 10 be the 
genera t io n of sui table protein cr y s tals. This req u ires large amou nts of ver y pure 
protein and often invol \'eS yea rs of trial and error, searching for t he proper c r ys­
I all iza tion condi tions. There are s1 ill many prolems, especia lly membrane pro­
teins, that have so fa r res isted all a ttempts to c ryst allize them . 

Analysis of the resulting diffraction pattern produces a complex t hre e­
dimensional electron -dens ity map. In terp reting t his map -t ranslating its con­
to urs into a th ree- dime nsional s t ructu re -is a complicated procedu re that 
requ ires kn owledge of t he am i no acid seque nce of t he protei n . La rgely by trial 
and e rror, the sequence and t he elect ron -densil) map are co r related by com · 

pu ter to g ive t l ie best poss ible fit. The re l iab i l it y of the final at omic model 
depe nds on the resolution of t he original crystallographic data: 0. 5 nm resolu­
tio n migh1 prod uce a low -reso lutio n map of t he polypept ide backbo ne

, 
whereas 

a reso lution of0 . 1 5 nm allows all of the no n -hydrogen a toms in the mo lecu le to 
be reliab ly pos it io ned. 

A co m plete ato mic model is often 100 comp lex 10 appreciate d i rect ly
, 

bu t 
simp lified vers ions that show a protei n 's essent ial s1 ructural featu res can be 
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Figu l"e 8-4 5  X-ray crystal lograph y. (A) A narrow parallel beam of x•rays 
Is di rected at a well-ordered crystal ( 8) .  Shown here is a protein c rystal of 
ribulose bisphosphate a.r boxylase . a n enzyme with a central role in CO2 
finuon duri ng photosynthesis. So me of the beam is scattered by the atoms 
in the crystal The scattered waves reinfo rce one anothe r at certain poinu 
and appear ;1s ;a pattern of di ffracti on spou (C). This di ff raction patte rn. 
together with the amino add sequence of the p rotein, can be used to 
prnduce an atomic model {D). The compJete atomic model ,� ha rd to 
interp ret. but this simpl ified version. denved from the x- ray d1 ffr.ict1on data. 
shows the p rotem 's structural fe.atu res clearly (a helices, g reen: p strands. 
red). N ote that the componenu pi ctu red in A to D a re not shown to scale. 

( B, cou rtesy of C. Branden; C. cou rtesy of J. HaJdu and I. Andersson; 
D, adapted from original p rovided by 8. Furugren.) 

readily derived from i t (see Panel 3 -2 ,  pp. 138- 1 39) .  The th ree- dime nsional 
structures of abo u t  1 0 ,000 di ffe rent p ro tei n s  have now been determ i n ed by x- ray 
c rystallography or by N M R  s peccroscopy (see belowJ-- <,nough to begin to see 
families of  common s t ruct ures emerging. These st r uctures or p ro te i n folds often 
seem to be more conserved in evolution tha n are t he amino acid sequences that 
fom1 them (see Figu re 3- 1 5) .  

X- ray c rystallographic techniques ca n also be applied to the study of macro­
molecular complexes. In a recent triumph, the method was used to solve the 
structure of t he ri bosome, a large and complex cellular machine made of several 
RNAs and more than 50 proteins (see Figure 6--64) . The determination requ ired 
the use of a synchrotron, a radiatio n source that generates x- rays with the i nten­
sity needed to analyze the c rystals of such large macromolecular complexes. 

M o lec u lar St ructu re Can Al so Be D ete rm ined U s ing 
N ucl ear Magn etic Reso na n ce ( N M R) Spectroscopy 

Nuclear magnet ic resonance ( NM R) spectroscopy has been wide ly used for 
many years to ana lyze the structu re of small molecules. This technique is now 
also increas ingly applied 10 t he s tudy of sma ll p ro teins or protein doma ins. 
Unlike x -ray crysta llog raphv, NMR does not depend on having a crystalline 
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sample ; it simply requires a small volume of concentrated protein solution that
is placed in a strong magnetic field. 

Certain atomic nuclei, and in particular those of hydrogen , have a magnetic
moment or spin : that is, they have an intrinsic magnetization, like a bar magn�t.
The spin aligns along the strong magnetic field, but it can be changed to a mis­
al igned, excited state in response to applied radiofrequency (RF) pulses of elec­
tromagnetic radiation . When the excited hydrogen nuclei return to their al igned 

state, they emit RF radiation, which can be measured and displayed as a spec­
trum. The nature of the emitted radiation depends on the environment of each

hydrogen nucleus , and if one nucleus is excited, it influences the absorption and
emission of radiation by other nuclei that lie close to it. It is consequently possi­
ble, by an ingenious elaboration of the basic NMR technique known as two­
dimensional NMR, to distinguish the signals from hydrogen nuclei in different
amino acid residues and to identify and measure the small shifts in these signals 

that occur when these hydrogen nuclei lie close enough together to interact: the 

size of such a shift reveals the distance between the interacting pair of hydrogen 

atoms. In this way NMR can give information about the distances between the 

parts of the protein molecule. By combining this information with a knowledge 
of the amino acid sequence, it is possible in principle to compute the three­
dimensional structure of the protein (Figure 8-46). 

For technical reasons the structure of small proteins of about 20 ,000 daltons 
or less can readily be determined by NMR spectroscopy. Resolution is lost as the 
size of a macromolecule increases. But recent technical advances have now 
pushed the limit to about 100,000 daltons, thereby making the majority of pro­
teins accessible for structural analysis by NMR. 

The NMR method is especially useful when a protein of interest has resisted 
attempts at crystallization, a common problem for many membrane proteins. 
Because NMR studies are performed in solution, this method also offers a con­
venient means of monitoring changes in protein structure, for example during 
protein folding or when a substrate binds to the protein. NMR is also used wide­
ly to investigate molecules other than proteins and is valuable, for example , as a 
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Figure 8-46 NMR spectroscopy. (A) An example of the d3c from 3n 
NMR m3chine.This two-dimensional NMR spectrum Is derived from the 
C-termin3I dom3in of the enzyme cellu!Jse.The specs represent inter.ictions 
between hydrogen atoms th3t 3re ne3r neighbors In the protein 3nd hence 
reflects the distance th3t sep3r.ites them. Complex computing methods. In
conjunction with the known 3mlno 3cid sequence, en3ble possible 
comp3tible structures to be derived. In (B) IO structures, which 31f S3tisfy the 
dlst3nce constr.iints equ3lly well. 3re shown superimposed on one 3nother, 
giving 3 good indication of the prob3ble three-dimension3I structure. 
(Courtesy of P. Kr.iulis.) 
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TABLE 8-8 Landmarks in the Development of X-ray Crystallography and NMR and Their Application to 
Biological Molecules 

JE$-l 
1695 

1912 

1931 

1934 

1935 
1941 
1951 

Hoppc-Se;ler crystallizes, and names. the pm rein hemoblobin. 
Rontgen obsen·es tha1 a new form of penetrating radiation, which he names x-rays, Is produced when 

cathode rays (elec1rons) h11 a me1aJ targeL 
\'on Laue obtains the first x-ray diifracuon panems by passing x-rays rhrough a crystal of z:inc sulfide. 
W L Bragg proposes a simple relationship between an x-rav diffraction panem and the arrangement of 

atoms rn a crystal tha1 produce the pattern. 
• 

Swnmer obtains crystals of the en..,me urease from extracts of jack beans and demonstrates 1hat proteins 
possess ca1aJi11c acu11rv. 

Pauling publishes his fi�t essal's on 'The ;-,;ature of the Chemical Bond.' derailing the rules of co,-alent 
bonding. 

• 

Berruil and Crowfoot present the firs1 detailed x-ray diffraction pauems of a protein obtained from 
crystals of the el'lZ)me pcp;in. 

Patterson dcl'ciops an anali1ical method for determining interatomic spacings irom x-ray data. 
Ast bury obtains the first x-rai• diffraction panem of DNA. 
Pauling '1Jld Corey propose the s1ruc1ure of a helical conformation oi a chain of L-arnino acids-the 

a helix-and the structure of the� sheet. both of which 11ere Ja1cr found in many proteins. 
Watson '1Jld Crick propose the double-helix model of O>IA. based on x-rar diffraction panerns ob1aincd 

by franklin '1Jld \\1lklns. 
Perutz and colleagues del'eiop hea11·•a1om methods to soh-e the phase problem in protein crystallograph): 

1953 

195-1 
1960 Kendrew describes the first detailed structure of a protein (sperm whale rnyoglobin) to a resolution of 0.2 nm, 

and Perul.7. presents a lower-resolution structure of the Iari;er pro rein hemoglobin. 
1966 
19,1 

19,6 

19i7-1978 

1985 

Phillips describes the struc1ure of il'"SOZ\me the first enl\me 10 hal'e its s1ruc111re anall'zed in detatl. 
Jeener proposes the use of t11·0-d�ension� /\'MR, and \\'uthrlch and colleagues first �sc the method 10 

soh·e a protein structure in the early 1980s. 
Kim and Rich and Klug and colleagues describe the detailed three-dimensional structure of tR..\/,\ 

determined bi• x-ray diffraction. 
Holmes '1Jld Klug determine the structure of tobacco mosaic 1irus (TMVJ, and Harrison and Rossmnn 

determine the structure of two small spherical ,iruses. 
Michel, Delsenhofcr and colleagues determine the first structure or a transmembrane protein (a bacterial 

reaction center) by x-rar Cl)'Stallograph)'. Henderson and colleagues obtain the structure of 
bacteriorhodopsin, a transmembrane protein, br high-resolution electron-microscopy methods between 
19i5 and 1990. 

method to determine thl· three-dimensional structures of R.'sA molecules and 
the complex carbohydrate side chains of glycopro1eins. 

Some landmarks in the dc\'clopmcnt of x-ra)' crystallographi• and 1'1'1R arc 
listed in Table 8-8. 

Sequence Similarity Can Provide Clues About Protein Function 

Thanks to the proliferation of protein and nucleic acid sequences that arc cata· 
Jogucd in gc name databases, the function of a gene-and its encoded protein­
can often be predicted by simpl)' comparing its sequence with those of prcvi­
ouslr characterized genes. Because amino acid sequence determines protl'in 
structure and stn1cturc dictates biochemical function, proteins that share a sim­
ilar amino acid sequence usually perform similar biochemical functions, even 
when they arc found in distantl)' related organisms. At prl'SCnt. determining 
what a newly discol'ercd prowin docs therefore usuallr begins ll'ith a search for 
previous!)' identified proteins that arc similar in their amino add sequences. 

Searching a collection of known sequences for homologous genes or pro­
teins is typicallr done ol'cr the \\'orld-Mde \\'cb. and it simpl)' inl'oll'cs selecting 
a database and entering the desired sequence.,\ sequence alignment program­
the most popular arc BLAST and !',\STA-scans the database for similar 
sequences b)' sliding the submi11cd sequence along the archil'cd sequences 
until a cluster of residues falls into full or panial alignment (Figure 8-1 i). The 
rcsuhs of even a complex search-which can bl• p  on either a 
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score • 3 9 9  bits ( 1 02 5 ) ,  Expect "" e - 1 1 1  
Identities ., 1 9 8 / 2 9 0  ( 68 1 ) ,  Pos itives .. 2 4 1 /290  ( 8 2 1 ) , Gaps • 1 / 2 9 0  

Query 1 5 7 MENFOKVEKIGEGTYGVVYKARNfCi.TtfEY'VALll:KIRLDTETEGVPSTAIREISLLKELNH 1 1 6  
M E  ++KVEKIGEGTYGVVYKA + K  T E +ALKKIRL+ E EGVPSTAIREISLLKE+NB 

Sbjc t 1  1 MEQYEKVEKIGEGTYGVVYKALDKATNETIALl':KIRLEQEDEGVPSTAIRB ISLL!l:BKNH 6 0  

Query , 1 1 7  PNIVll.LDVIBTENlCLYLVFEFLBQDLKICFMDASALTGIPLPLIKSYLFOLLQGLAFCHS 1 7 6  
NIV+L DV+B+E ++YLVFE+L DLUFMD+ LI KSYL+Q+L G+A+cBS 

Sbjct 1 61 • GNIVRLBDVVHSEMirYLVFEYLDLDLKICFMOSCPEFAXNPTLIKSYLYQILHGVAYCHS 1 2 0  
,. 

Query 1 1 7 7  HRVLBRDLKPONLLINTE-GAI!l:LADFGLARAFGVPVRTYTBEVVTLWYRAPEILLGCICY 2 3 5  
BRVLBRDLKPQNLLI+ A+!':LADFGLARAFG+PVRT+TREVVTLWYRAPEILLG + 

sbfct 1 1 2 1  BRVLBRDLICPQNLLIDRRTNALKLADFGLARAFGIPVRTFTHBVVTLWYRAPE ILLGARQ 180  

Quory 1 2 3 6  YSTAVDIWSLGCIFAEMVTRRALFPGDS!IDOLFRIFR'nGTPDEVVWPGVTSJri\PDYQS 2 9 S  
Y S 'll  V't>+WS+GCIFA!MV ++ LFPGDSEIO+LF+IFR LGTP+E WPGV+ ♦PO•Jt + 

Sb jct 1 1 8 1  YSTPVOVWSVGCIFABMVt«lKPLFPGDSBtDBLFl(lfR.Xl.GTPNEQSWPGVSCLPDFJtTA 2 4 0  

Query 1 2 9 6  FPKWARQOFSltVVPPLD£0Gft8LLSQMLBYDPN!l:RISAltAAl..AliPFFODV 34 5 
FP+W 00 + VVP LO G LLS+ML Y+P+KRI+A+ AL 8 +F+D+ 

Sbjct 1 2 4 1  FPRWQAODLA'l"VVPNLDPAGLD'LLSRMLRYEPSKRITAROALIHIYFKDL 290 

nucleo1ide or an amino acid sequence-are returned within 111 inu1 es. Such 
comparisons can be used to predict the functions of individual proteins, fami ­
l ies of proteins ,  or even 1he entire protein complement of a newly sequenced 
organism. 

In  1he end, however, the predictions thal emerge from sequence analysis are 
often only a tool to direct fun her experimental investigations. 

Fus ion Prote ins  Can Be Used to Analyze Protein Function 
and to T1·ack Prote ins  in  Living Ce l l s  

The loca1 ion of  a protein ,vi1hin the cell often suggests something aboul i t s  func­
t ion. Proteins that travel from the cy,oplasm 10 the nucleus when a cell is 
exposed to a groMh factor, for example, may have a role in regulating gene 
expression in response to that factor. A protein often contains short amino acid 
sequences that determine its locat ion in a cel l .  Most nuclear proteins, for exam­
ple, contain one or more specific short sequences of amino acids that serve as 
signals for their import i n to the nucleus after their sy11 1 hesis in the cytosol {dis­
cussed in Chapter 1 2) .  These special regions of lhe protein can be identified by 
fusing them IO an easily de1ec1able pro te in  t hat lacks such regions and then fol ­
lowing the behavior of th i s  surrogate protein in a cell .  Such fusion proteins can 
be readily produced by t he recombinant DNA techniques discussed previously. 

Another common s1 ra1egy used both 10 follow proteins in cells and to purify 
them rapidly is epitope taggillg. In this case, a fusion protein is produced that 
contains the ent ire p rotein being analyzed plus a short peptide of 8 to 12 amino 
acids (an "epitope") that can be recogn ized by a commercially available anti­
body. The fusion protein can therefore be specifical ly detected, even in the pres­
ence of a large excess of lhe normal protein, using the anti•epitope antibody and 
a labeled secondary antibody that can he monitored by l ight or electron 
microscopy (Figure !l-48) .  

Today large numbers of proteins are being tracked in living cells by  using a 
fluorescent marker called green fluorescent protein (GFP) . Tagging proteins 
with GFP is as simple as attaching the gene for GFP to one end of lhe gene that 
encodes a protein of interest. I n  most cases, the result ing GFP fusion protein 
behaves in the same way as the original protein, and its movement can be mon­
itored by following its fluorescence inside 1hc cell by lluorescence microscopy. 

S I S  

Figure 8-48 Epitope tagging allows the localization o r  purification 
of proteins. Using standard genetic engineering techniques. a short epltope 
tag can be added to a protein of interest. The resulting protein contains the 
protein being analyzed plus a short peptide that can be recognized by 
commercially available antibodies. The labeled antibody can be used to follow 
the cellu lar localization of the protein or to purify i t  by 1mmunoprecipitation 
or affinity chromatography. 
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F igure 8-47 Results of a BLAST 
search. Sequence databases can be 
searched to find similar amino acid or 
nucleic add sequences. Here a search for 
proteins s imi lar to the human cel l.cycle 
regulatory protein cdc2 (Query) locates 
maize cdc2 (Subject), which 1s 68% 
identical (and 82% s imilar) to human cdc2 
in its amino acid sequence. The alignment 
begins at residue 57 of the Query protein. 
suggesting that the human protein has an 
N�terminal region that 1s absent from the 
maite protein. The green blocks indicale 
differences In sequence, and the yellow bar 
summarizes the similarities: when the two 
amino .1cid scqliences are Identical. the 
residue is shown; conservative amino acid 
substitutions are Indicated by a plus sign 
(+). Only one small gap has been 
introduced-indicated by the red arrow at 
position I 9-4 in the Query sequence-to 
align the two sequences maxim;il ly. The 
alignment score (Score) takes into account 
penalties for substitution :ind gaps: the 
higher the alignment score, the better the 
match. The sign1ficance of the alignment is 
reflected in the E.xpectotion (E) value. 
which represents the number of 
alignments with scores equal to or better 
than the given score that are expected to 
occur by chance. The lower the E value, 
the more significant the match: the 
extremely low value here indicates certain 
significance. E values much higher than 
0. 1 are unl ikely to reflect true relatedness 
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The GFP fusion protein stra1egy has become a standard way 10 determine the 
distribution and dynamics of any protein of interest in living cells. We discuss i1s 
use further in Chapter 9 .  

GFP. and i t s  derivatives of different color, can also be  used 10 monitor pro ­
tein-protein interactions. In this application, two proteins of interest are each 
labeled with a different nuorochrome, such 1ha1 the emission spectrum of one 
nuorochrome overlaps 1he absorption spectrum of the second fluorochrome. If 
the two proteins-and their anached tluorochromes-come very close 10 each 
other (,vi thin about 1-10 nm) ,  the energy of the absorbed light wil l  he t ransferred 
from one 0uorochrome to the other. The energy t ransfer, cal led fluorescence 
resonance energy transfer (FRET) , is determined by i l luminat ing 1he first fluo­
rochrome and measuring emission from the second (Figure 8-49). By using two 
different spectral variants of GFP as the fl uorochromes in such s t ud ies, one can 
monitor the interaction of any two protein molecules inside a l iving cel l .  

Affinity Ch romatography and lmmunoprecipitation 
Al low Identification of Associated Prote ins  

Because mos t  proteins in the cell function as  part of a complex w i th  o ther  pro­
teins, an important way to begin to characterize their biological roles is to  iden ­
tify the i r  hinding partners. If an uncharacterized protein binds to a protein 
whose role in the cell is understood, its function is l ikely 10  be related. For 
example, i f  a protein is found to be part of the pro1easome complex, i i is likely 10 
be involved somehow in  degrading damaged or m isfolded proteins. 

Protein affinity chromatography is one method that can be used to isolate 
and identify pro teins that interact physically. To capture interacting proteins, a 
target protein is anached to polymer beads 1ha1 are packed into a column. Cellu­
lar proteins are washed through the column and those proteins that interact 
With the target adhere to 1he affinity matrix (see Figure 8-J JC) . These proteins 
can then be eluted and their identity determined by mass spectrometry or 
another suitable method. 

Perhaps the simplest method for identifying proteins that bind to one 
another tightly is co-lmmunopreclpitation. In 1his case, an antibody is used to 
recognize a specific target protein; affinity reagents 1hat bind to the an1ibodi 
and are coupled to a solid matrix are 1hen used to drag the complex ou1 of solu• 
t ion to 1he bo1tom of a tes1 tube. If 1his protein is associated tightly enough with 
another protein when ii is captured by the antibody, the partner precipitates as 
well. Tiiis me1hod is useful for identifying proteins that are part of a complex 
inside cells, including those that interact only transiently-for example when 
cells are stimulated by signal molecules (discussed in Chapter 15 ) .  
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F igure 8-49 Fluorescence resonance 
energy transfer (FRET). To determine 
whether (and when) two proteins interact 
ins ide the cell, the proteins are first 
produced as fusion proteins attached to 
different variants of GFP. (A) In this 
example, protein X is coupled to a blue 
fluorescent protein, which is excited by 
violet light (370-440 nm) and emits blue 
light (-440-480 nm); protein Y i s  coupled 
to a green fluorescent protein, which is 
excited by blue l ight and emits green light 
(S I O nm). (8) lf protein X and Y do not 
interact. illuminating the sample witt, violet 
light yields fluorescence from the blue 
fluorescent protein only. (C) When protein 
X arid protein Y interact. FRET can now 
occur. I l luminating the sample with violet 
light excites the blue fluorescent protein, 
whose emission in tum excites the green 
fluorescent protein, resulting in an 
emission of green light. The fluorochromes 
must be quite close together-within 
about 1 - 1 0  nm of one another-for FRET 
to occur. Because not every molecule of 
protein X and protein Y Is bound at a l l  
times, some blue light may sti l l  be 
detected. But as the two proteins begin to 
Interact. emission from the donor GFP 
falls  as the emission from the acceptor 
GFP rises 
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Co-immunoprecipitation technjques require having a h ighly specific anti­
body against a known cellular protein targe t ,  which is not always avai lahle. One 
way to overcome this requirement is to use recombinant DNA techniques to 
add an epi tope tag (see Figure 8-48) or to fuse the target prote in to  a wel l -char­
acterized marker protein, such as the small enzyme glutath ione S-transferase 
(GST). Commercially available antibodies d i rected against the epi tope tag or 
the marker protein can then be used to precipitate the whole fusion p rotein, 
inc luding any cellular proteins associated with the p rotein of i n terest. I f  the 
protein is fused to GST, antibod ies may not be needed a t  al l :  the hyhrid and its 
hinding partners can be readily selected on beads coated with glu ta t hione 
(Figure 8-50) . 

In addition to capturing protein complexes on columns or in test tubes, 
researchers are also developing high-density protein arrays for investiga t ing 
protein function and protein i nteractions. These arrays, which contain t hou­
sands of d ifferent proteins or antibodies spotted onto glass slides or immobilized 
in tiny wells, allow one ro examine the biochemical activities and binding p rofiles 
of a large number of proteins at once. To examine p1 otein interactions with such 
an array, one incubates a labeled protein with each of the target p roteins immo­
bilized on the slide and then determines to which of the many proteins t he  
labeled molecule binds. 

Protei n-Prote i n  Interactions Can Be I dentified 
by Use of the Two-Hybrid System 

Methods such as co- immunoprecip i tation and affinity chromatography al low 
the  physical isolat ion of interacting proteins. A successful isolation yields a p ro­
tein whose ident ity must then be ascertained by mass spectrometry, and whose 
gene must be retrieved and cloned before further studies characterizing its 
activity-or the nature of the protein-protein interaction-can be performed. 

Other techniques a l low 1 he simul taneous isolat ion of interact ing p roteins 
along with the genes that encode them. The first method we discuss, called the 
two-hybrid system, uses a repo r ter gene to detect t he  physical interact ion of a 
pair of proteins inside a yeast cell nucleus. Thi s  system has been designed so 
that when a target protein binds to another p rotein in the cell, t heir interaction 
brings toge1her two halves of a 1 ranscript ional act ivator, which is then able to 
switch on the expression  of the reporter gene. 

The technique takes advantage of t  he modular nature of gene activator pro­
teins (see Figure 7-42) . These proteins both bind 10 DNA and activate transcrip­
tion-activities that  are often performed by two separate protein domains. 
Using recombinant ONA techniques, the DNA sequence that codes for a target 
protein is fused with DNA that encodes the DNA-binding domain of a gene act i ­
vator protein. When this construct is introduced into yeast, the cel ls  produce the 
target protein attached 10  this DNA-bind ing domain (Figure 8-5 1 ) .  This protein 
binds to the regulatory region of a reporter gene, where it seives as " bait" to fish 
for proteins that interact wi th  the target protein inside a yeast cell .  To prepare a 
set of potential binding partners, DNA encoding the ac t ivation domain of a gene 
activator protein is ligated to a large mixture of ON � fragments from a cONA 
library. Members of this collection of genes-the "prey"-are introduced indi­
vidually into yeast cells con taining the bait. lf the yeast cell has received a DNA 
clone that expresses a prey partner for the bait protein, the EWO halves of a t ran­
scriptional activator are united, switching on the reporter gene (see Figure 8-5 l ) .  
Cells tha t  express th is reporter are selected and grown, and the  gene (or  gene 
fragment) encoding the prey protein is retrieved and ident ified through 
nucleotide sequencing. 

Although it sounds complex, the two-hybrid system is rela t ively simple to 
use in the laboratory. Although the protein-protein interact ions occur in  the 
yeast cell nucleus, proteins from every part of the cell and from ;iny organism 
can be studied in this way. Of the thousands of p rotein-protein interactions that 
have been catalogued in yeast, half have been discovered wi th  such two-hybrid 
screens. 

520  Chapter 8 . MANIPULATING PROTEINS. DNA, AND RNA 
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Figure 8-50 Purification of protein 
complexes using a GST-tagged fusion 
protein. GST fusion proteins . generated 
by standard recombinant DNA 
techniques, can be captured on an affin ity 
column containing beads coated with 
glutathione. To look for proteins that bind 
to protein X. cell extracts can be passed 
through this column.The hybrid protein 
and its  binding partners can then be 
eluted with glutathione. The identities of 
these interacting proc.eins can be 
determined by mass spectrometry (see 
Figure 8-20). In an alternative approach . a 
ce l l  extract can be made from a cell 
producing the GST fusion protein and 
passed directly through the glutath1one 
affinity column. The GST fusion protein. 
a long with proteins that have associated 
with it in the cell. are thereby reta ined. 
Affinity column1 can also be made to 
contain antibodies against GST or another 
convenient small protein or epicope tag 
(see Figure 8-48) 

BAIT 
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The two-hybrid system can be scaled up to map the interactions that occur 
among all of t lte proteins produced by an organism. In this case, a set of bait 
fusions is produced for every cellular protein, and each of these constructs is 
introduced into a separate yeast cel l .  These cel ls are then mated to yeast con­
taining the prey library. Those rare cells that are positive for a protein-protein  
interaction arc then characterized. In this way a p rote in l inkage map has  been 
generated for most of the 6,000 proteins in yeasr (see Figure 3-78) . and simi lar 
projects are underway 10 catalog the protein interact ions in C. elega11s and 
Drosophila. 

A related technique, called a reverse rwo-hybrid sysrem, can be used to iden • 
tify mutations-or chemical compounds-that are able to disrupt specific pro­
tein-protein interactions. In this case the reporter gene can be replaced by a 
gene that kills cells in which the bait and prey proteins interact .  Only those cel ls  
in which the proteins no longer bind-because an engineered muta t ion or a test 
compound prevents them from doing so-------<:an survive. Like knocking out a gene 
(which we discuss shortly), eliminating a particular molecular i n t e-rar t ion can 
reveal something about the role of the participating proteins in t he  cel l .  In addi ­
tion, compounds that selectively interrupt protein interactions can he medi ­
cally usefu l :  a drug that prevents a virus from binding to i ts  n•ceptor pro te in  on 
human cel ls could help people to avoid infect ions, for example. 

Phage D isplay Methods Also Detect Prote in  I nteractions 

Another powerful method for detecting protein-prote i n  interactions involves 
introducing genes into a virus that infects the E. coli bacterium (a bacteriophage, 
or "phage" ) .  In this case the DNA encoding the protein of interest (or a smaller 
peptide frngment of t h is p rotein) is fused with a gene encoding one of the pro­
teins that forms the vi ral coat . When this virus infects E. coli, i t  replicates, pro­
ducing phage particles that d i splay the hybrid protein on the outside of  their 
coats (Figure 8-52A). This bacteriophage can then be used to fish for binding 
partners i n  a large pool of potential target proteins. 

However, the most powerful use of this phage display method allows one ro 
screen large collections of proteins  or peptides for binding 10 selected targets. 
This approach requires first generating a library of fusion proteins, much like the 
prey l ibrary in the two -hybrid system. This collection of phage is then screened 
for binding to a purified protein of interest . For example, the phage library can 
be passed through an affiniry column containing an immobilized target prot ein .  
Vi ruses that display a protein or peptide that binds tightly to the target are cap­
tured on the column and can be e luted with excess target protein .  Those phage 
Containing a DNA fragment t hat encodes an interacting protein or peptide are 
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figure 8-5 1 The yeast two-hybrid 
system for detecting protein-protein 
interactions. The target protein i s  fused 
to a DNA-bmding domain chat localizes it 
to the regulatory region or a reponer 
gene as "bait" When thts target protein 
binds to another specially designed 
protein in the cel l  nucleus ("prey"). their 
interaction brings together two halves or a 
transcriptional activator. which then 
switches on the expression of the 
reporter gene. The reporter gene Is often 
one that will permit growth on a selective 
medium. Bait and prey fusion proteins are 
generated by standard recombinant DNA 
techniques. In most cases ,  a single bait 
protein is used to fish for interacting 
partner� among a large c0Hecc1on of prey 

proteins produced by ligating DNA 
encoding the activation domain of a 
transcriptional activator to a large mixture: 
of DNA fragments from a cDNA l ibrary. 
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collected and allowed IO rep l ica1e i n £. coli. TI1e DNA from each phage can then 
be recovered and its nucleotide sequence determined to iden1ify the p rotein or 
peptide partner that bound to the target protein. A similar technique has been 
used to isolate pep 1 ides that bind specifically to the inside of the blood vessels 
associated with human tumors. These peptides are presently being tested as 
agents for delivering therapeutic anti-cancer compounds directly to  such 
rumors (Figure 8-52ll) . 

Phage display has also been used to generate monoclonal antibodies that 
recognize a specific target molecule or cell . In this case, a l ibrary of phage 
expressing the appropriate parts of antibody molecules is screened for 1 hose 
phage that bind 10 a target antigen. 

Prote in  Interactions Can Be Monitored in Real Time 
Us i ng Surface Plasmon Resonance 

Once two proteins-or a protein and a small molecule-are known to associate, 
i t becomes important to characterize their interaction in more detail. Proteins 
can bind to one another permanently, or engage in t ransient encounters in 
which proteins remain associated only temporarily. These d)11amic interactions 
are often regulated through re,·ersible modifications (such as phosphorylation) , 
through ligand binding, or through the presence or absence of other proteins 
that compete for the same binding site. 

lb begin to understand these in t ricacies, one must determine how t igh t ly 
two proteins associate, how slowly or rapidly molecular complexes assemble 
and break down over time. and how outside influences can affect these param­
eters. As we have seen in this chapter, t here arc man) diflerent techniques avail­
able to study protein-protein interactions, each with its individual advantages 
and disadvantages. One particularly useful method for monitoring the dynam­
ics of protein association is called surface plasmon resonance (SP I!) .  The SPR 
method has been used to characterize a wide varietv of molecular in teractions, 
including antibodv-ant igen binding, ligand-receptor cou p l ing, and the binding 
of proteins to DNA, carbohydrates, small molecules. and ot her p roteins. 

SPR detects binding interactions by monitoring the reflection of a beam of 
light off the interface berween an aqueous solu t ion of potential hinding 
molecules and a biosensor surface carrying immobil ized bai t  protein. The bait 
protein is attached to a very thin layer of metal t hat coats one side of a glass 
prism (Figure 8-53). A light beam is passed th rough the prism: at a certain angle. 
called the resonance angle. some of the energy from the light interacts with the 
cloud of electrons in the metal li lm. generat ing a plasmon-an osci l lation of the 
electrons at right angles to the plane of the mm, bouncing up and down between 
its upper and lower surfaces like a weight on a spring. The plasmon, in turn, 
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Figure 8-52 The phage display 
method for investigating protein 
interactions. (A) Preparation of the 
bacteriophage. DNA encoding the desire • 
peptide is ligated into the phage vector. 
fused with the gene encoding the viral 
protein coat. The engineered phage are 
then introduced into £. coli. which produ � 
phage displaying a hybrid coat protein that 
contains the peptide. {B) Phage l ibraries 
containing bi l l ions of different peptides car1 
also be generated. In this example, the 
l ibrary I s injected into a mouse with a 
brain tumor and phage that bind 
selectively to the blood vessels th;\t supp,y 
the tumor are isolated and amplified. 
A peptide that binds specifically to tumor 
blood vessels c:an then be isolated from 
the purified phage, Such a peptide could 
be used to target drugs or toxins to the 
tumor, 

generates an elec1 rical field t hat extends a short distance-about t h e  wavelength 
of the l ight-above and below the metal surface. Any change in t he composition 
of the environment with in the range of the elec1rical fiel<l causes a measurable 
change in t h e  resonance angle. 

To measure binding, a solution containing proteins (or other molecules) 
that might interac1 with  the immobilized bail protein  is a l lowed to flow past t he 
biosensor surface. ·when proteins bind to the bai t ,  t h e  com pos i t ion of the 
molecular complexes on the metal surface change, causing a change in t he res­
onance angle (see Figure 8-53). The clrnnges in t l ie resonance angle are moni ­
tored in real t ime and reflect the kinetics of the associa t ion-or d issocia 1 ion-of 
molecules ,vi th the bait protein. The association rate  (ko11 ) is measured as the 
molecules in teract, and the dissociation rate  (kotrl i s  ch> termi ,wd as buffer 
washes the bound molecules from the sensor surface. A b ind ing constant (K) is 
calculated by divid ing koff by k00 . In addit ion to determin ing t he  kinetics, S l 'H 
can be used 10 determine the number of molecules 1 ha1  are bound in each com­
plex: the magnitude of the SPR signal change is  proport ional to the mass of the 
immobilized complex. 

The SPR method is particularly usefu l  because it requires only small 
amounts  of proteins, the proteins do nor have to he labeled in any way, and pro­
tein-protein interactions can be moni 1ored in  real t ime. 
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(8) The binding of prey molecules to bait molecules increases refractive i ndex of the surface layer.
This alters the resonance angle for plasmon induction, which can be measured by a detector. 
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F igure 8-53 Surlace plasmon 
resonance. (A) SPR can detect binding 
interactions by monitoring the reflection 
of a beam of light off the interlace 
between an aqueous solution of potential 
binding molecules (treen) and a biosensor 
surf.tee coated with an immobilized bait 
protein (red). (B) A solution of prey 
proteins i s al lowed to flow pa.st the 
immobil ized bait protein. Binding of prey 
molecules to bait proteins produces a 
measurable change in the resonance angle. 
These changes, monitored in real time. 
reflect the assoc iation and dissociation of 
the molecular complexes. 
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DNA Footprinting Reveals  the Sites Where Proteins 
Bind on a DNA Molecu le 

So far we have concentrated on examining protein-protein int eractions. Bu t  
some proteins  ac t  by  b ind ing to  DNA. Most of these prote ins have a centra l  role 
in determining which genes are active in a part icular cell by binding to regula­
tory DNA sequences, which are usually located outside the coding regions of a 
gene. 

In analyzing how such a protein functions, i t is important to identify the spe­
cific nucle9tide sequences to wh ich it binds. A method used for this purpose is 
called DNA foot printing. First, a pure DNA fragment that i s  labeled at one end 
with 32P is isolated (see Figure 8-24B) ; this molecule is then cleaved with a 
nuclease or a chemical that makes random single-stranded cuts in the DNA. 
After the DNA molecule is denatured to separate its two strands, the resultant 
fragmen t s  from the labeled strand are separated on a gel and detected by 
autorad iography. The pattern of bands from ONA cut in the presence of a DNA­
binding protein is compared with that from DNA cut in its absence. When the 
protein is present, it covers the nucleot ides at its b inding si te and protects their 
phosphod iester bonds from cleavage. As a result , the labeled fragments that 
terminate in the binding si te are m issing, leaving a gap in the gel pattern cal led 
a "footprint" (Figure 8-54) .  Similar methods can be used to determine the bind­
ing s i tes of proteins on RNA. 
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Figure 8-54 The DNA footprinting 

technique. (A) This techn ique requires a 
DNA molecule that has been l.ibcled at 
one end (sec Figure 8-24B). The protein 
shown binds tightly to a specific DNA 
sequence that is seven nucleotides long, 
thereby protecting these seven 
nucleotides from the cleaving agent tf the 
same reaction were performed without 
the DNA-binding protein, a complete 
ladder of bands would be seen on the gel 
(not shown). (B) An actual footprint used 
to determine the binding site for a human 
protein that stimulates the transcription of 
specific eucaryotic genes. These results 
locate the bindmg site about 
60 nucleotides upstream from the start 
site for RNA synthesis. The cleaving agent 
was a small, iron-containing organic 
molecule that normally cuts at every 

phosphodiester bond with nearly equal 
frequency. (B, courtesy of Michele 
Sawadogo and Robert Roeder.) 
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Summary 

Many powerful techniques are used to study the structure and function of a protein. 
To determine the three-dimensional structure of a protein at atomic resolution, 
large proteins l,m,e to be crystalliZRd and studied hy x-ray diffraction. The structure 
of small proteins in solution can be determined by nuclear magnetic resonance 
analysis. Because 11rotei11s with similar str11ch1res often have similar functions, the 
biochemical acti1•ity of a protein can sometimes he predicted bysearchingfor known 
proteins that are similar i11 their amino acid sequences. 

Further clues to the function of a protein ca11 he derived from examining its sub­
ce/11 1/ar distribwion. Fusion of tile protein with a molecular tag, such as the green 
fluorescent protei11 (GFP), allows one to track its movement inside the cell. Proteins 
that enter 1/1e nucleus and hi11d to DNA cm, he further chamcteri.zed by footprint 
analysis, a technique usetl to determine which regulatory sequences the protei11 
binds to as it controls gene transcri11tio11. 

All protei11sfunctio11 by hi11tli11g to other protei,1s or molec11les, a11tl many meth­
ods exist for studying protei11-11roreh, iil remction.s and ide11tifyi11g 1101ential protein 
1mrtners. Either protein affe11ity chromn1ogra1,hy or co- i 1 1 1 1 1 1 1 1 1 1oprecipitation by 
nntib0tlies directed against a target 1,rotei11 will allow µliysical isola1io11 of in teract­
ing proteins. Other techniques, such as the two-liyhrid system or phage display, per­
mit the simulttweous isolation of interacting proteins mu/ tl1e ge11es that encode 
chem. The identity of the proteins recotiere,I from ""Y of these a11proaches is then 
ascertained by determining the sequence of tile protein or its corresµo11di11g gene. 

STUDYING G E N E  EXPRESS ION AND FUNCTION 

Ultimately, one wishes to  determine how genes-and the proteins they 
encode-function in the intac1 organism. Although it may sound coun 1erintu• 
itive, one of the most direct ways to find out what a gene does is to see what hap· 
pens to the organism when that gene is missing. Studying mutant organisms 
that have acquired changes or deletions in their nucleotide sequences is a time­
honored practice in biology. Because mutations can interrupt cellular processes, 
mutants often hold the key to understanding gene function. In t he classical 
approach to the important field of genetics, one begins by isolat ing mu t ants 1hat 
have an interesting or unusual appearance: frui t  flies wi th  wh ite eyes or  rur ly 
wings, for example. Working backward from the phenotype-I he appearance or  
behavior of the  individual-one then determines t he organ ism's genotype, t he  
form of  the gene responsible for that characteristic (Panel 8- 1 ) .  

Today, wi th numerous genome projec t s  add ing tens of t housands o f  
nucleotide sequences to the  public databases each day, the  explora1 ion of gene 
function often begins with a DNA sequence. Here t he  challenge is  to t ranslate 
sequence into function. One approach, discussed earl ier i n  the chap ter, is to 
search databases for well�characterized proteins that have similar amino acid 
sequences to  the protein encoded by a ne,v gene, and from there employ some 
of the methods described in the previous sect ion to explore tile gene's funct ion 
further. But to tackle directly the problem of how a gene functions i n  a cell o r  
organism, t he  mos t  effect ive approach involves studying mutants tha t  e i t her 
lack the gene or express an altered version of it .  Determining which cellular 
processes have been disrupted or compromised in such mutants will then fre­
quently provide a window to a gene's biological role. 

In this section. we describe several different approaches to determining a 
gene's funct ion, whether one starts from a DNA sequence or from an organism 
with an interest ing phenotype. We begin with the classical genetic approach to 
studying genes and gene function. These studies start with a generic screen for 
tsolating mutants of interest, and then proceed toward identification of the gene 
or genes responsible for the observed phenotype. We then review ,he collection 
of techniques that fall under the umbrella of reverse generics, in which one 
begins wi 1 h  a gene or gene sequence and a11emp1s to determine i ts function. 
This approach often involves some intel l igent guesswork-searching for homol­
ogous sequences and determining when and where a gene is expressed-as well 
as generating muiant organisms and characterizing their phenotype. 
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