SECTION IV

Structure, Function, & Replication
of Informational Macromolecules

Nucleotides

Victor W. Rodwell, PhD

BIOMEDICAL IMPORTANCE

Mucleotides—the monomer units or building blocks of
nucleic acids—serve muldple additional functions. They
form a part of many cocnzymes and serve as danors of
phosphorl groups {eg, ATP or GTP), of sugars (eg.
U or GDP-sugars), or of lipid (cg, CDP-acylglyc-
crol). Regulatory nucleotides include the sccond mes-
sengers cAMP and cGMP, the control by ADP of ox-
idavive phosphorylation, and allosteric regulation of
cnzyme actvity by ATP, AMP, and CTP. Synchetic
purine and pyrimidine analogs that consain halogens,
thiols, or additional nitrogen arc employed for chemo-
therapy of cancer and AIDS and as suppressors of the
immune response during organ transplancation.

PURINES, PYRIMIDINES, NUCLEOSIDES,
& NUCLEOTIDES

Purines and pyrimidines are nitrogen-containing here-
rocyeles, cyclic compounds whose rings contain bath
carbon and other elements (hetero atoms). Note that
the smaller pyrimidine has the longer name and the
larger purine the shorter name and thar cheir six-arom
rings are numbered in opposite directions (Figure
33-1). The planar character of purines and pyrimidines
facilitates their close association, or “stacking,” which
stabilizes double-stranded DNA (Chapter 36). The oxo
and amino groups of purines and pyrimidines exhibir
keto-enol and amine-imine tantomerism (Figure 33-2),
bur physiologic conditions strongly favor the amine
and oxo forms.
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Figure 33-1. Purine and pyrimidine. The atoms are
numbered according to the international system.

MNucleosides & Nucleotides

Mucleosides are dervatives of purines and pyomidines
that have & sugar linked to a ring nitrogen. Numerals
with a prime (cg, 2 or 3 distinguish atoms of the
sugar from those of the heterocyclic base. The sugar in
ribonucleosides is D-ribose, and in deoxyribonucleo-
sides it 15 2-deaxy-D-ribose. The sugar is linked to the
heterocyclic base via a B-N-glycosidic bond, almost al-
ways to N-1 of a pyrimidine or to N-9 of a purine (Fig-
ure 33-3).
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Figure 33-2. Tautomerism of the oxo and amino
functional groups of purines and pyrimidines.
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Mononucleotides are nucleosides wich a phosphoryl
group esterified to a hydroxyl group of the sugar. The
3" and 5"-nucleotides are nucleosides with a phospho-
ryl group on the 3"~ or 5"-hydroxyl group of the sugar,
IfSFIC'CEi.'I.’fl.'F Since most nucleorides are 5°-, the prefix

“5°-" is usually omirted when naming them. UMP and
dAMP thus represent nucleotides with a phosphoryl
group on C-5 of the pentose. Additional phosphoryl
groups linked by acid anhydride bonds to the phos-
phoryl group of a mononucleotide form nucleoside
diphosphates and triphosphates (Figure 33—4).

Steric hindrance by the base restricts rotation about
the P-MN-glycosidic bond of nucleosides and nu-
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Figure 33-4. ATP, its diphosphate, and its
monophosphate.
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cleotides. Both therefore exist as syn or anti conformers
(Figure 33-5). While both conformers occur in nature,
ant conformers predominate. Table 33-1 lists the
major purines and pyrimidines and their nucleoside
and nucleotide derivatives. Single-letrer abbreviations
arc used to identify adenine (A), guanine (G), cytosine
(C), thymine (T), and uracil (U), whether free or pre-
sent in nucleosides or nucleotides. The prefic “d”
{deoxy) indicares thar the sugar is 2'-deoxy-D-ribose
(eg, dGTP) (Figure 33-6).

Nucleic Acids Also Contain

Additional Bases

Small quantities of additional purines and pyrimidines
oceur in DNA and RNAs. Examples include S-methyl-
L':,-'l[].‘-i.n*‘.‘ of bacterial and human DNA, S--J'L}rdrtm}'-
methyleyrosine of bacterial and viral nueleie acids, and
mono- and di-N-methylated adenine and guanine of

MH; HNH,

[ 8

0 d

OH OH

Figure 33-5. The syn and anti conformers of adeno-
sine differ with respect to orientation about the N-gly-
cosidic bond.



288 |/

AMP

Figure 33-6. AMP

CHAPTER 33

Table 33-1. Bases, nucleosides, and nucleatides.

, dAMP, UMP, and TMP.

Nucleoside
Base Baze | X =Riboseor Mucleotide, Where
Formula X=H |Deoxyribose| X=Ribose Phosphate
NH,
M M , )
| % Adenine | Adenosine | Adenosine monophosphate
e, q A A AMP
X !
o
H*\LM M i
| 'Q:) i Guanime | Guanosine | Guanosineg monophosphate
x ]
MH, |
N& | éC}rt'ﬂsine Cytidine Cytidine monophosghate
J\ C C WP
Q M ]
i
kS '
O ]
,_1\ | | Uracil Uridine Uridine monophosphate
0PN U U UMP
J |
X !
H“‘N. CH, :
J\ | ?Thyrnine Thymidine | Thymidine monophosphate
a N IT T TMP
| |
dx
MM,
N e N
\ M \ HM HM
) K Ja | e
H N N 07 ™y 07 N
N o o O, ° 0 oﬁp o o
o o o Yo o o
OH H OH [OH 0OH [H
daMP UMP TMP

CHy



MH, MH,
W | cHy W | GHOH
D)\N QJ\N
H H
S-Methylcylosine E-Hydroxymethylcylosine
o
- o o
= M M
M HM T
LD 1L
N R L T M
Dimethylaminoadenine T-Methylguanine
Figure 33-7. Feuruncomman naturally eceurring

pyrimidines and purines.

mammalian messenger BNAs (Figure 33-7). These
atypical bases functon in oligonucleotide recognition
and in rcgulai.inﬁ the half-lives of RMNAs. Free nu-
cleonides include hypoxanthine, xanthine, and uric acid
{see Figure 34-8), intermediates in the catabolism of
adenine and guanine. Methylated heterocyelic bases of
plants include the xanthine derivatives caffeine of col-
fee, theophylline of wea, and theobromine of cocoa (Fig-
ure 33-8).

Postrranslational maodification of preformed polynu-
cleotides  can  generate m{diti:mz.r bases such  as
peendowridine, in which D-ribose is linked 1o C-5 of
wracil by a carhon-to-carbon bond rather than by a
f-N-glycosidic bond. The nucleatide pseudouridylic
acid ¥ arises by rearrangement of UMP of a preformed
tBMNA. Similarly, methylation by S-adenosylmethionine
ol a UMP of preformed (RNA forms TMP (thymidine
monophosphate), which contains ribose rather than de-
axvribose,

b

Figure 33-8. Caffeine, a trimethylxanthine. The di-
methylxanthines theobromine and theophylline are
similar but lack the methyl group at N-1 and at N-7, re-
spectively.
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Figure 33-9. cAMP, 3" 5"-cyclic AMP, and cGMP,

Nucleotides Serve Diverse
Physiologic Functions

Mucleotides participate in reactions that fulfill physio-
logic functions as diverse as protein synthesis, nucleic
acid synthesis, regulatory cascades, and signal transduc-
tion pathways,

Nucleoside Triphosphates Have High
Group Transfer Potential

Acid anhydrides, unlike phosphare esters, have high
group uansfer potential, A™ for the hydrolysis of each
of the terminal phosphates of nucleoside triphosphares
is about =7 kecalfmol (=30 k[/mol). The high group
transfer potential of purine and pyrimidine nucleoside
Iriphuspﬁatcs permits them w function as group crans-
fer reagents. Cleavage of an acid anhydride bond oypi-
cally is coupled with a highly endergonic process such
as covalent bond synthesis—eg, polymerization of nu-
cleoside triphosphates to form a nucleic acid.

In addition to their roles as precursors of nucleic
acids, ATP, GTP, UTP, CTP, and their derivartives
each serve unique physiologic funcrions discussed in
other chaprers. Selected examples include the role of
ATP as the principal bielogic transducer of free energy;
the second messenger cAMP (Figure 33-9); adenosine
3-phosphare-5"-phosphosulfare  (Figure 33-10), the
sulfate donor for sulfared proteoglycans (Chaprer 48)
and for sulfare conjugares of drugs; and the mechyl
group donor S-adenosylmethionine (Figure 33-11).

Adenine — Ribose —(F) —0 — 50,

Figure 33-10. Adenosine 3'-phosphate-5"-phos-
phosulfate.
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Figure 33-17. 5-Adenosylmethionine.

GTP serves as an allosteric regulator and as an energy
source for protein synthesis, and cGMP (Figure 33-9)
serves as a second messenger in responsc to nitric oxide
(N during relaxation of smooth muscle {(Chaprer
48). UDP-sugar derivatives participare in sugar epimer-
izations and in biosynthesis of glycogen, glucosyl disac-
charides, and the oligosacchanides of glycoproteins and
proteoglycans (Chaprers 47 and 48), UDP-glucuronic
acid forms the urinary glucuronide conjugates of biliru-
bin (Chapter 32) and of drugs such as aspirin, CTP
participates  in biosynthesis  of  phosphoglyeerides,
sphingomyelin, and other substitured  sphingosines
{Chapter 24). Finally, many cocnzymes incorporate nu-
cleotides as well as structures similar to purine and
pyrimidine nucleatides (sce Table 33-2),

MNucleotides Are Polyfunctional Acids

Nucleosides or free purine or pyrimidine bases are un-
charged at physiologic pH. By contrast, the primary
phosphoryl groups (p& abour 1.0} and secondary phos-
phoryl groups (p& abour 6.2) of nucleotides ensure thar
they bear a negative charge at physiologic pH. Nu-
cleotides can, however, act as proton donors or accep-
tors at pH values two or more units above or below
neutrality.

MNucleotides Absorb Ultraviolet Light

The conjugated double bonds of purine and pyrimidine
derivatives absorb ultravioler light. The mutagenic of-
fect of ultravioler light resules from its absorprion by
nucleotides in DNA with accompanying  chemical
changes. While spectra are pH-dependent, ac pH 7.0 all
the common nucleotides absorb light ar a wavelength
close to 260 nm, The concentration of nucleotides and

Table 33-2. Many coenzymes and related
compounds are derivatives of adenosine
monophosphate.
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*Replaces phosphoryl group.
"Ris a B vitamin derivative,

nucleic acids thus often is expressed in terms of “ab-
sorbance at 260 am.”

SYNTHETIC NUCLEOTIDE ANALOGS
ARE USED IN CHEMOTHERAPY

Synthetic analogs of purines, pyrimidines, nucleosides,
and nucleotides aleered in either the heterocyelic ring or
the sugar moiety have numerous applications in elinical
medicine, Their wxic effects rellect either inhibition of
enzymes essential for nucleic acid synthesis or their in-
cotporation into nucleic acids with resulting disruption
of base-pairing. Oncologists employ 5-fluoro- or 5-
wdouracil, 3-deoxyuriding, 6-thioguanine and 6-mer-
captopurine, 5- or G-azauridine, 5- or G-azacytidine,
and B-azaguanine (Figure 33-12), which are incorpo-
rated into DNA prior 1o eell division. The purine ana-
log allopurinal, used in treatment of hyperuricemia and
gout, inhibits purine biosynthesis and xanthine oxidase
activity. Cyrarabine is used in chemotherapy of caneer.
Finally, azathioprine, which is catabolized to 6-mercap-
topurine, 15 employved during organ transplantation to
suppress immunologic rejection,
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Monhydrolyzable Nucleoside
Triphosphate Analogs Serve as
Research Tools

Synthetic  nonhydrolyzable  analogs  of  nucdleoside
triphosphates (Figure 33—13) allow investigarors to dis-
tinguish the cffeces of nucleotides due 1o phosphoryl
transfer from effects mediated by occupancy of al-
losteric nucleatide-binding sites on regulated eniymes.

POLYNUCLEOTIDES

The 3-phosphorvl group of a mononucleotide can cs-
terify a second —OH group, forming a phosphodi-
ester, Most commonly, this sccond —OH group is the
3-0OH of the pentose of a second nucleotide. This
forms a dinucleotide in which the penvose moierics are
linked by a 3" = 5" phosphodicster bond to form the
“backbonc” of RMA and DNA.

While formation of a dinucleotide may be repre-
sented as the climinadon of water between  owo
monomers, the reaction in face strongly favors phos-
phodicster hydrolysis. Phosphodiesterases rapidly cac-
alyze the hydrolysis of phosphodicster bonds whose
spontancous hydrolysis is an ecomemely slow process,
Consequently, DNA persists for considerable periods
and has been detecred even in fossils, RNAs arc far less
stable than DNA since the 2-hydroxyl group of RNA
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{absent from [NA) funcrions as a nucleophile during
hydralysis of the 3°,5"-phosphodiester bond,

Polynucleotides Are Directional
Macromolecules

Phosphodiester bonds link the 3" and 5"-carbons of ad-
jacent monomers. Each end of a nucleotide polymer
thus is distinct, We therefore refer o the “5'- end” or
the “3'- end” of polynucleatides, the 5'- end being the
one with a free or phosphorylated 5" -hydroxyl.

Polynucleotides Have Primary Structure

The base sequence or primary structure of a polynu-
cleotide can be represented as shown below. The phos-
phodicster bond is represented by I or p, bases by a sin-
gle letter, and pentoses by a vertical line,
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Figure 33-13. Synthetic derivatives of nucleoside
triphosphates incapable of undergoing hydrolytic re-
lease of the terminal phosphoryl group, (Pu/Py, a
purine or pyrimidine base; R, ribose or deoxyribose.}
Shown are the parent {hydrolyzable) nucleoside
triphosphate (tap) and the unhydralyzable B-methyl-
ene (center) and imino derivatives (bottom).

Where all the phosphodiester bonds arc 5" — 3, a
maore compact notation is possible;

pGpGPARTPCPA

This representation indicates thar the 5-hydroxyl—
but not the 3-hydroxyl—is phosphorylated.

The most compact representation shows only the
base sequence with the 5'- end on the left and the 3"
end on the right. The phosphoryl groups are assumed
but not shown:

GGATCA

SUMMARY

* Under physiclogic conditions, the amino and oxo
tautomers of purines, pyrimidines, and their deriva-
tives predominate.

= Mucleic acids conrain, in addition to A, G, C, T, and
L), traces of 3-methyloyrosine, 5-hydroxymethyloyro-
sing, pscudouridine '), or N-methylated bascs,

- M{?ﬁ" nu::]ﬂn!i:it‘[l:.‘i I'.'i]l'“'“iﬂ l}—rll:h-::l:it 0r Z—dﬁl:\‘.}"-l}—
ribose linked to N-1 of a F:Fn'midim: or to N-9 of a
purine by a B-glycosidic bond whose syn conformers
predominare.,

* A primed numeral locates the position of the phos-
phate on the sugars of mononucleotides (eg, -
GMP, 5-dCMP). Additonal phosphoryl groups
linked o the first by acid anhydride bonds form nu-

cleoside diphosphates and triphosphares.

* Mucleoside wriphosphares have high group transfer
porential and parricipate in covalent bond syntheses,
The cyclic phosphodiesters cAMP and ¢GMP func-
tion as intracellular second messengers.

* Mononucleotides linked h}r j" - Sf-phnﬂphudi::ﬁtcr
bonds form polynudeotides, direcrional macromole-
cules with distinet 3~ and 5~ ends. For pTpGpTp or
TGCATCA, the 5 end is at the left, and all phos-
|1|1:1t[i:itcr bonds are 3" — 5.

* Synthetic analogs of purine and pyrimidine bases and
their derivatives serve as anticancer drugs either by
inhibiting an enzyme of nucleotide biosynthesis or
by being incorporated into DNA or RNA
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Metabolism of Purine &
Pyrimidine Nucleotides

Victor W. Rodwell, PhD

EIOMEDICAL IMPORTANCE

The binsynthesis of purines and pyrimidines is strin-
gentdy regulated and coordinated by feedback mecha-
nisms that ensure their production in guanrities and at
times appropriate to varying physiologic demand. Ge-
netic diseases of purine metabolism include gour,
Lesch-Nyhan syndrome, adenosine deaminase defi-
ciency, and purine nucleoside phosphorylase deficiency.
By contrast, apart from the orotic acidurias, there are
few clinically significant disorders of pyrimidine carab-
olism.

PURINES & PYRIMIDINES ARE
DIETARILY NONESSENTIAL

Human tissues can synthesize purines and pyrimidines
from amphilm]'[c intermediates. Ingested nucleic acids
and nucleotides, which cherefore are dietanly nonessen-
1.:i.'l[.. are dtgj‘ad::d in the intestinal tract o mononu-
cleotides, which may be absorbed or converted w
purine and pyrimidine bases. The purine bases are then
axidized to uric acid, which may be absorbed and ex-
creted in the wrine, While lieele or no i.l.llt‘t:i.l'}' Fuﬂm: or
pyrimidine is incorporated into tssue nucleic acids, in-
jected ::nmpnund_-‘ are incorporated. The incorporation
of injected I’ H]thymidine into newly synthesized DNA
thus s used to meastre the rate of DNH. sjmlhﬂ.h

BIOSYNTHESIS OF PURINE NUCLEOTIDES

Purine and pyrimidine nucleotides are synthesized in
vivo ar rates consistent with physiologic need. Intracel-
lular mechanisms sense and regulate the pool sizes of
nucleotide triphosphates (NTPs), which rise during
growth or tissue regeneration when cells are rapidly di-
viding. Early invesrigations of nucleoride biosynrhesis
employed birds, and later ones wsed Eecherichia colf,
Isotopic precursors fed to pigeons established the source
of each atom of a purine {Figure 34-1) and iniri-
ared study of the intermediates of purine biosynthesis.
Three processes contribute o purine nucleotide
biosynthesis. These are, in order of decreasing impor-
tance: (1) synthesis from amphibolic intermediares

293

{synthesis de nove), (2) phosphoribosylation of purines,
and (3) phosphorylation of purine nuclensides.

INOSINE MONOPHOSPHATE (IMP)
IS SYNTHESIZED FROM AMPHIBOLIC
INTERMEDIATES

Figure 34-2 illustrates the intermediares and reactions
for conversion of o-D-ribose S-phosphate o inosine
monophosphate (IMP). Separate branches then lead 1o
AMP and GMP (Figure 34-3). Subsequent phosphoryl
transfer from ATP converts AMP and GMP w ADP
and GDT. Conversion of GDP 1o GTP involves a sec-
ond phosphoryl eranster from ATP, whereas conversion
of ADP to ATP is achieved primarily by oxidative
phosphorylation (see Chapeer 12).

Multifunctional Catalysts Participate in
Purine Nucleotide Biosynthesis

In prokaryotes. each reaction of Figure 34-2 15 car-
alyzed by a different polypeptide. By contrast, in cu-
karyotes, the enzymes are polypeptides with mulnple
catalytic acovities whose adjacent catalytic sites facili-
tate channeling of intermediaces berween sives. Three
distinct multfunctional enzymes catalyze reactions 3,
4, and 6, reacrions 7 and 8, and reactions 10 and 11 of
Figure 34-2,

Antifolate Drugs or Glutamine Analogs
Block Purine Nucleotide Biosynthesis

The carbons added in reactions 4 and 5 of Figure 34-2

are conrributed by derivatives of rterrahydrofolate.
Purine deficiency states, which are rare in humans, gen-
erally reflect a deficiency of folic acid. Compounds that
inhibit formation of terrahydrofolares and cherefore
block purine synthesis have been used in cancer
chemotherapy. Inhibitory compounds and the reactions
they inhibir include azaserine (reaction 5, Figure 34-2),
diaranorleucine (reaction 2), 6-mercapropurine {reac-
tions 13 and 14), and mycophenalic acid (reaction 14).



294 | CHAPTER 34

Respiratory CO, —_—
yring

Aspariate ’/
C .
T N
i
] 1||I"L“--. n
Ciayg g,/ ZM"-Mathanyl-
N1 _me..-"" "‘KN/'D““H mmydrnrolam

tetrabydro-
folate

Amida nitrogan of glutaming

Figure 34-1. Sources of the nitrogen and carbon
atoms of the purine ring, Atoms 4, 5, and 7 (shaded) de-
rive from glycine.

“SALVAGE REACTIONS" CONVERT
PURINES & THEIR NUCLEOSIDES TO
MONONUCLEOTIDES

Conversion of purines, their ribonucleosides, and their
deoxyribonucleosides to mononucleotides involves so-
called “salvage reactions” that require far less energy
than de nove synthesis, The more important mecha-
nism involves phosphoribosylation by PRPT (seructure
I, Figure 34-2) of a free purine (P'u) to form a purine
5 -mononucleotide (Pu-RP),

Pu+PR-PP — PRP +PF,

Two phosphoribosyl transferases then convert adenine
to AMP and hypoxanthine and guanine to IMP' or
GMP (Figure 34-4). A second salvage mechanism in-
volves phosphoryl transfer from ATP to a purine ri-
bonucleoside (Pul):

PuR+ATF — PUR—F + ADP

Adenosine kinase caralyzes phosphorylation of adeno-
sing and deoxyadenosine to AMP and dAMP, and de-
oxyeytidine kinase phosphorylates deoxycytidine and
2"-deoxyguanosine to dCMP and dGMP.

Liver, the major site of purine nucleoride biosynthe-
sis, provides purines and purine nucleosides for salvage
and urilization by tssues incapable of cheir biosynthe-
sis. For example, human brain has a low level of PRPP
amidorransferase (reaction 2, Figure 34-2) and hence
depends in part on exogenous purines. Erythrocyres
and pelymorphonuclear %eukncy:es cannot synthesize
5-phosphoribosylamine (scrucrure 101, Figure 34-2)

and therefore urilize exogenous purines o form nu-
cleotides.

AMP & GMP Feedback-Regulate PRPP
Glutamyl Amidotransferase

Since biosynthesis of IMP consumes glycine, gluta-
mine, terrahydrofolate derivatives, asparare, and ATP,
it is advantageous 1o regulate purine biosynthesis. The
major determinant of the rate of de novo purine nu-
cleotide biosynthesis is the concentration of PRPP,
whose pool size depends on its rates of synthesis, uri-
lization, and degradation. The rate of PRPI* synthesis
depends on the availability of rbose 5-phosphate and
on the activity of PRPP synthase, an enzyme sensitive
to feedback inhibition by AMP, ADP, GMP, and
Gor.

AMP & GMP Feedback-Regqulate
Their Formatien From IMP

Twao mechanisms regulate conversion of IMP o GMTP
and AMDP. AMP and GMP feedback-inhibic adenylo-
succinate synthase and IMP dehydrogenase (reactions
12 and 14, Figun: 34-3), rc:.-.'p::cri\'th'. Furthermare,
conversion of IMP* to adenvlosuccinate en route to
AMP requires GTP, and conversion of xanthinylace
(KMP) to GMP requires AT, This cross-regulation
between the pathways of IMP metabolism thus serves
to decrease synthesis of one purine nucleotide when
there is a deficiency of the other nucleotide. AMP and
GMP also inhibit hypoxanthine-guanine phosphoribo-
syleransferase, which converts hypoxanthine and gua-
nine to IMP and GMI* (Figure 34—4), and GMP feed-
back-inhibits PRPP glutamyl amidotransferase (reaction
.3 Figun: 342},

REDUCTION OF RIBONUCLEOSIDE
DIPHOSPHATES FORMS
DEOXYRIBONUCLEOSIDE
DIPHOSPHATES

Reducrion of the 2"-hydroxyl of purine and pyrimidine
ribonucleotides, caralyzed by the ribonucleotide re-
ductase complex (Figure 34-5), forms deoxyribonu-
cleoside diphosphates (dNDPs). The enzyme complex
is active only when cells are actively synthesizing DNA,
Reduction requires thioredoxin, thioredoxin reductase,
and NADPH. The immediate reductant, reduced
thioredoxin, is produced by NADPH:thioredoxin re-
ducrase (Figure 34-5). Reduction of ribonucleoside
diphosphates (NDPs) 1o deoxyribonucleoside diphos-
phates (dNDPs) is subject to complex regulatory con-
trols that achieve balanced production of deoxyribonu-
cleotides for synthesis of DNA (Figure 34-6).
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BIOSYNTHESIS OF PYRIMIDINE
NUCLEOTIDES

Figure 34-7 summarizes the roles of the intermediates
and cnz}rmfs of pyrimidine nucleotide biosynthesis.
The caralyse for the initial reaction is gresalic carbamoyl
phosphare synthase 11, a different enzyme from the mi-
sochondrial carbamoyl phosphate synthase 1 of urea syn-
thesis (Figure 29-9). Compartmentation thus provides
two independent pools of carbamoyl phosphate, PRPP,
an early participant in purine nucleotide synchesis (Fig-
ure 34-2), is a much later participant in pyrimidine
biosynthesis.

Multifunctional Proteins
Catalyze the Early Reactions
of Pyrimidine Biosynthesis

Five of the first six enzyme activities of pynimidine
biosynthesis reside on multifuncrional polypeptides,
Une such polypepride caralyzes the first three reactions
of Figure 34-2 and ensures efhcient channeling of car-
bamoyl phosphate to pyrimidine biosynchesis, A second
bifunctional enzyme catalyzes reactions 5 and 6.

THE DEOXYRIBONUCLEOSIDES OF
URACIL & CYTOSINE ARE SALVAGED

While mammalian cells reudlize few free pyrimidines,
“salvage reactions” convert the ribonucleosides uridine
and cyridine and the deoxyribonucleosides thymidine
and deoxycytidine o their respective nucleotides, AT
dependent phosphoryltransferases (kinases) cat.aJ;.'zc the
phosphorylation of the nucleoside dlphasphatcs 2'-de-
oxycytidine, 2"-deoxyguanosine, and 2'-deoxyadenosine
to their corresponding nucleoside triphosphates. In ad-
dition, ororate phosphoribosylransterase (reaction 5,
Figure 34-7), an engyme of pyrimidine nucleotide syn-
thesis, salvapes orotic acid by converting it to ororidine
monophosphate (OMP),

Methotrexate Blocks Reduction
of Dihydrofolate

Reaction 12 of Figure 347 is the only reaction of pyrimi-
dine nuclenride biosynthesis thar requires a l.'fl:l“'ll'l}l"l.‘ll'ﬂfﬂ-
lare derivacive. The methylenc group of NN "-methyl-
ene-tetrahydrofolate is reduced to the methyl group thac
i5 transferred, and terrahydrofolate 15 oxidized to dihydro-
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Figure 34-4. Phosphoribosylation of adenine, hy-
poxanthine, and guanine to form AMP, IMF, and GMP,
respectively,

tolate. For further pynimidine synthesis to occur, dihydro-
folate must be reduced back to tetrahydrofolate, a reac-
tion catalyzed by dibydrofolate reductase, Dividing cells,
which must generate TMP and dihydrofolate, thus are es-
pecially sensitive to inhibitors of dihydrofolate reductase
such as the anticancer drug methotrexate.

Certain Pyrimidine Analogs Are
Substrates for Enzymes of Pyrimidine
Nucleotide Biosynthesis

Orotate phosphoribosyliransferase (reacton 5, Figure
34-7) converts the drug allopurinol (Figure 33-12) w

RMOMNULCLEOTIDE
REDUGTASE
Ribonuscleosice 2%-Deoxyribonuclooside
diphoaphata diphosphate
Reduced Oiclized
thearedaxin thioradaoxin

THICREDOKIN
REDLICTASE
MADF! < NADPH + H'

Figure 34-5. Reduction of ribonuclecside diphos-
phates to 2" -deoxyribonucleoside diphosphates.

a nucleotide in which the nbosyl phosphate 15 artached
to N-1 of the pyrimidine ring. The anticancer drug
5-Auorouracil (Figure 33-12) is alsa phosphornbosy-
lated by orotate phosphoribosyl transferase,

REGULATION OF PYRIMIDINE
NUCLEOTIDE BIOSYNTHESIS

Gene Expression & Enzyme Activity
Both Are Regulated

The activitics of the first and second enzymes of pyrim-
idine nucleotide biosynthesis are controlled by allosreric

UDF

GOP

ADP + 2'dADP

Figure 24-6. Regulation of the reduction of purine
and pyrimidine ribonucleotides to their respective

¥ -deaxyribonucleatides. Solid lines represent chemical
flow. Broken lines show negative (2} or positive ((B)
feedback regulation.
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regulation. Carbamoyl phosphate synthase 11 (reaction
I, Figure 34-7) is inhibited by UTP and purine nu-
cleotides but activated by PRPP. Aspartate transcar-
bamoylase (reacton 2, Figure 34-7) is inhibited by
CTP bur activated by ATP. In addition, the first three
and the kast two enzymes of the pathway are regulared
by coordinate repression and derepression,

Purine & Pyrimidine Nucleotide
Biosynthesis Are Coordinately Regulated

Purine and pyrimidine biosynthesis parallel one an-
other mole for mole, suggesting coordinared control of
their biosynthesis. Several sites of cross-regulation char-
acterize putine and pyrimidine nucleotide blosynthesis.
The PRPP synthase reaction (reaction 1, Figure 34-2),
which forms a precursor essential for both processes, is
leedback-inhibited by both purine and pyrimidine nu-
cleotides.

HUMANS CATABOLIZE PURINES
TO URICACID

Humans convert adenosine and guanosine to unc acid
{Figure 34-8). Adenosine is first converted to inosine
by adenosine deaminase. In mammals other than
higher primates, uricase converts uric acid to the warer-
ﬁﬂl.nhlﬂ prud.ul:t Zuantﬂ‘in, Hﬂwc\fﬁr. Sim:[: E'lumanﬁ ];I.I:IE.
wricase, the end product of purine catabolism in hu-
mans 15 uric acid,

GOUT IS A METABOLIC DISORDER
OF PURINE CATABOLISM

Various genetic defects in PRPP synthetase (reaction 1,
Figure 34-2) presenc clinically as gour, Each defect—
eg, an clevared V. increased affinity for ribose 5-
phosphate, or resistance to feedback inhibition—resules
in overproduction and overexcretion of purine catabo-
lites. When serum wrare levels exceed the solubilicy
limit, sodium wrate crystalizes in soft tssues and joins
and causes an inflammarory reaction. gouty arthritis,
However, most cases of gout reflect abnormalicies in
renal handling of uric acid,

Figure 34-8. Formation of urle acid from purine nucleosides
by way of the purine bases hypoxanthine, xanthine, and gua-
nine. Purine deoxyribonucleosides are degraded by the same
catabolic pathway and enzymes, all of which exist in the mucosa

of the mammalian gastrointestinal tract.
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OTHER DISORDERS OF
PURINE CATABOLISM

While putine deficiency states are rare in human sub-
jects, there are numerous genetic disorders of purine ca-
tabolism. Hyperuricemias may be differentiated based
on whether ]Jalil:nu excrete normal o excessive l:[l.:anli.-
ties of total urates. Some hyperuricemias reflect specific
enzyme defects, Others are secondary 1o diseases such
a5 cancer of psariasis that enhance tssue mrnover.

Lesch-Nyhan Syndrome

Lesch-MNyhan  syndrome, an overproduction  hyper-
uricemia characterized by frequent episodes of uric acid
lithiasis and a hizarre syndrome of self-mutilagon, re-
flects a defect in hypoxanthine-guanine phosphoribo-
syl transferase, an cnzyme of purine salvage (Figure
34—4). The accompanying risc in intracellular PRPP re-
sules in purine overproduction. Mutations thar decrease
or abolish hypoxanthine-guanine phosphonbosylrrans-
ferase acuvity include deledions, frameshift muranons,
base substicutions, and aberrant mRNA splicing.

Von Gierke’'s Disease

Purine overproduction and hyperuricemia in von
Gierke's discase (glucose-6-phosphatase deficiency)
occurs secondary to enhanced generation of the PRPP
precursor ribose 5-phosphate. An associated lacric aci-
dosis elevares the renal threshold for urare, elevaring
total body urates,

Hypouricemia

Hypouricemia and increased excretion of hypoxanthine
and xanthine are associated with xanthine oxidase de-
ficiency due w a genetic defect or to severe liver dam-
age. Patients with a severe enzyme deficiency may ex-
hibit xanthinuria and xanthine lithiasic,

Adenosine Deaminase & Purine
MNucleoside Phosphorylase Deficiency

Adenosine deaminase deficiency is associated with an
immunodeficiency disease in which both chymus-
derived lymphocyres (T cells) and bone marrow-de-
rived lymphocytes (B cells) are sparse and dysfunc-
tional. Purine nuclenside phosphorylase deficiency is
associated with a severe deficiency of T cells bur appar-
ently normal B cell function, Immune dysfuncrions ap-
pear to result from accumulation of dGTP and dATP,
which inhibir ribonucleotide reducrase and thereby de-
plete cells of DMNA precursors.

CATABOLISM OF PYRIMIDINES
PRODUCES WATER-SOLUBLE
METABOLITES

Unlike the end products of purine catabolism, those
of pyrimidine catabolism are highly warer-soluble:
CO,, NH;, f-alanine, and f-aminoisoburyrate (Figure
34-9). Excretion of B-aminoisobutyrare increases in
leukemia and severe x-ray radiation exposure due o in-
creased destruction of DMNA. However, many persons
of Chinese or Japanesc ancestry routinely excrere
B-aminoisoburyrate. Humans probably rransaminare
P-aminotsoburyrare to methylmalonare semialdehyde,
which then forms succinyl-CoA {Figure 19-2),

Pseudouridine Is Excreted Unchanged

Since no human enzyme catalyzes hydrolysis or phas-
phorolysis of pseudouridine, this unusual nucleoside is
excreted unchanged in the urine of normal subjeces,

OVERPRODUCTION OF PYRIMIDINE
CATABOLITES IS ONLY RARELY
ASSOCIATED WITH CLINICALLY
SIGNIFICANT ABNORMALITIES

Since the end products of pyrimidine catabolism are
highly water-soluble, pyrimidine overproduction resules
in few clinical signs or symptoms. In hyperuricemia as-
sociated with severe everproduction of PRPP, there is
uerpr[:u.{u-r_Lmn of pyrimidine nucleotides and  in-
creased excretion of P-alanine. Since N N'"-methyl-
r:nr:-tmrah}rdruiulau_ is nqul.ml for thymidylate synthe-
sig, disorders of folate and vitamin B, mewbolism
result in deficiencies of TMD.

Orotic Acidurias

The orotic aciduria thar accompanies Reye's syndrome
probably is a consequence of the inability of severely
damaged mitochondria to utilize carbamoyl phosphare,
which then becomes available for cytosolic overproduc-
tion of orotic acid. Type 1 orotic aciduria reflects a de-
ficiency of both orotate phosphoribosylrransferase and
orotidylate decarboxylase (reacdons 5 and 6, Figure
34-T); the rarer type II orotic aciduria is due to a defi-
ciency only of orotidvlate decarboxylase (reaction 6,
Figure 34-7),

Deficiency of a Urea Cycle Enzyme Results
in Excretion of Pyrimidine Precursors

Increased excretion of orotic acid, uracil, and uridine
accompanies a deficiency in liver mitochondrial or-
nithine transcarbamoylase (reaction 2, Figure 29-9)
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Figure 34-9, Catabolism of pyrimidines,

Excess carbamoy] phosphare exits to the cyrosol, where
it stimulates pyrimidine nucleotide biosynthesis. The
resulting mild orotic aciduria is increased by high-
nitrogen foods.

Drugs May Precipitate Orotic Aciduria

Allopurinol (Figure 3312}, an alternarive substrate for
orotate phosphoribosyluransferase {reaction 5, Figure
34-7), competes with orotic acid. The resulting nu-
cleotide product also inhibirs orotidylate decarboxylase
(reaction 6, Figure 34-7), resulting in orotic aciduria
and orotidinuria. 6-Azauridine, following conversion
to G-azauridylate, also competitively inhibits aroddylate
decarboxylase (reaction 6, Figure 34-7), enhancing ex-
cretion of orotic acid and orotidine.

SUMMARY

* Ingested nucleic acids are degraded to purines and
pyrimidines. New purines and pyrimidines are
tormed from amphibolic intermediares and rthus are
dietarily nonessential.

* Several reactions of IMP biosynthesis require folate
derivatives and glutamine, Consequently, antifolate
drugs and glutamine analogs inhibic purine biosyn-
thesis,

bl (jx]ld:l‘linn il]'l.l'j aminalllnn "E. 1h‘!].1 :I—l'.'lﬂ]'L"i .I'\.MP -:l.l'H'J
GMP, and subsequent phosphoryl transfer from
ATP forms ADP and GDP. Further phosphoryl
transfer from ATP w GDP forms GTP, ADP 15 con-
verted to ATP by oxidative phosphorylation. Redue-
tion of NDPs forms dNDPs,

= Hepatic purine nucleotide biosynthesis is stringently
regulated by the pool size of PRPP and by feedback
inhibition of PRPP-glutamyl amidotransferase by
AMP and GMP.

* Coordinated regulation of purine and pyrimidine
nucleatide biosynthesis ensures their presence in pro-
portions appropriate for nucleic acid biosynchesis
and other metabolic needs.

* Humans cawbolize purines o wric acid (pK, 5.8),
!Jleﬁtni als '.I'H: Tflilll."u"l'_'l}r inxuluh!: a{_'lld. at :.H.'Ild.i:l'.' PH ar
as its more soluble sodium wrate salt at a PH near
neurraliy, Urate crystals are diagnostic of  gour.
Other disorders of purine carabolism include Lesch-
N]«'l‘lnn Sj-'r:d.rl::lmt. Yviorn GEETJ'(.“."H diﬁﬂ;l!l'. :lnd i'l_"f']){:l-
uricemias,

* Since pyrimidine catabolites are water-soluble, their
overproduction does not result in clinical abnormali-
ties. Excretion of pyrimidine precursors can, how-
ever, result from a deficiency of ornithine transcar-
bamoylase because excess carbamoyl phosphate is
available for pyrimidine biosynrhesis.
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Nucleic Acid Structure & Function

Daryl K. Granner, MD

BIOMEDICAL IMPORTANCE

The discovery that genetic information is coded along
the length of a polymeric molecule composed of only
four types of monomeric units was one of the major sci-
entific achievements of the rwentieth century. This

olymeric molecule, DNA, is the chemical basis of
!:r_'n.'dil};' and is organized into genes, the fundamental
units of genetic information, The basic information
pathway—ie, DMNA directs the synthesis of RNA,
which in turn direets protein synthesis—has been eluci-
dated, Genes do not function au Lunumnu.*aly: their
teplication and function are controlled by various gene
products, often in collaboration with components of
various signal transduction pathways. Knowledge of the
strscture and function of nucleie acids is essential in
understanding penetics and many aspects of pathophys-
inlogy as well as the genetic basis of disease.

DMA CONTAINS THE
GEMNETIC INFORMATION

The demonstration thar DNA contained the genetic in-
formanon was first made in 1944 in a senes of experi-
ments by Avery, Macl.eod, and McCarty. They showed
that the genctic determination of the character (type) of
the capsule of a specific pneumococcus could be trans-
micted to another of a different capsular tvpe by intro-
ducing purified DNA from the former cocous into the
latter. These authors referred to the agene (later shown
to be DNA) accomplishing the change as “transforming
factor.” Subsequently, this type of genenic manipulaton
has become commonplace, Similar experiments have
recently been performed wtilizing yeast, cultured mam-
malian cells, and insect and mammalian embryos as re-
cipients and cloned DINA as the donor of genctic infor-
mation.

DMNA Contains Four Deoxynucleotides

The chemical nature of the monomeric deoxynucleo-
tide units of DNA—deoxyadenylare, deoxyguanylare,
deoxycytidylate, and thymidylate—is described in
Chaprer 33, These monomeric units of DNA are held
in polymeric form by 3',5'-phosphodiester bridges con-
stituting a single strand, as depicred in Figure 35-1.
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The informarional content of DINA {the genetic code)
resides in the sequence in which these monomers—
purine and pyrimidine deoxyribonucleotides—are or-
dered. The polymer as depicted possesses a polariry;
one end has a 3-hydroxyl or phosphate terminal while
the other has a 3'-phosphate or hydroxyl terminal, The
importance of this polarity will become evident. Since
the genetic information resides in the order of the
monomeric units within the polymers, there must exist
a mechanism of reproducing or replicating this specific
information with a high degree of fidelity., That re-
quirement, together with x-ray diffraction dara from
the DNA molecule and the observation of Chargaff
that in DNA molecules the concentration of de-
oxyadenosine (A) nucleotides equals that of thymidine
(T} nucleotides (A = T}, while the concentration of de-
oxvguanosine () nucleotides equals that of deoxycyt-
dine (C) nucleotides (G = C), led Watson, Crick, and
Wilkins to propose in the early 19505 a model of a dou-
ble-stranded DNA molecule. The model they proposed
15 depicted in Figure 35-2, The two strands of this
double-stranded helix are held in register by hydrogen
bonds berween the purine and pyrimidine bases of the
respective lincar molecules, The pairings between the
purine and pyrimidine nucleotides on the opposite
strands are very specific and are dependent upon hydro-
gen bonding of A with T and G with C (Figure 35-3).

This common form of [MNA is said to be right-
handed because as one looks down the double helix the
base residues form a spiral in a clockwise dircction. In
the double-stranded malecule, restrictions imposed by
the rotation about the phosphodiester bond, the fa-
vored anu configuration of the glycosidic bond {Figure
33-8), and the predominant tautomers (sec Figure
33-3) of the four bases (A, G, T, and C) allow A to pair
only with T and G only with C, as depicted in Figure
35-3. This basc-pairing restriction explains the carlier
observation that in a double-stranded DNA molecule
the content of A equals thar of T and the content of G
equals that of C. The two strands of the double-helical
molecule, cach of which possesses a po]an'w, are an-
tiparallel; ic. one strand runs in the 5 to 3" direction
and the other in the 3" 10 3" direction. This is analogous
to two parallel streces, cach running onc way but carry-
ing traffic in oppositc dircctions. In the double-
stranded DNA molecules, the genetic information re-
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Figure 35-1,

sides in the sequence of nucleotides on one strand, the
template strand. This is the strand of DNA that is
copicd during nucleic acid synthesis, [t is sometimes re-
ferred to as the noncoding strand. The opposite strand
i5 considercd the coding strand because it marches the
RMNA rranscript that encodes the protein,

The two strands, in which opposing bases are held
together by hydrogen bonds, wind around a cenrral axis
in the form of a double helix. Double-stranded DINA
exists in ar least six forms (A-L and Z). The B form is
wsually found under physiologic conditions (low salr,
high degree of hydraton). A single turn of B-DMNA
abour the axis of the molecule conrains ten basc pairs.
The distance spanned by one tarn of B-DNA is 3.4
nm. The width (helical diamerer) of the double helix in
B-DNA is 2 nm.

As depicred in Figure 35-3, three hydrogen bonds
hold the deoxyguanosine nucleotide to the deoxyoyti-

A segment of one strand of a DNA molecule in which the purine and pyrimidine bases guanine
(G, eytosine [C), thymine (T), and adenine {4) are held tegether by a phosphodiester backbone between 2'-de-
oxyribosyl moieties attached to the nuclecbases by an N-glycosidic bond. Mote that the backbone has a polarity
(ie, a direction). Convention dictates that a single-stranded DNA sequence is written in the 5 to 3" direction (ie,
pGpCpTpA, where G, C, T, and A represent the four bases and p represents the interconnecting phosphates),

dine nucleotide, whercas the other pair, the A=T pair, is
held together by two hydrogen bonds, Thas, the G-C
bonds are much more resistant o denaruration, or
“melting,” than A-T-rich regions,

The Denaturation (Melting) of DNA
Is Used to Analyze Its Structure

The double-stranded structure of DNA can be scpa-

rated into two component scrands (melted) in soluton
by increasing the wemperature or decreasing the salo
concentration. Mot only do the two stacks of bascs pull
apart bur the bascs themselves unstack while sill con-
necred in the polymer by the phosphodicster backbone.
Concomitant with this denawration of the DNA mole-
cule is an increase in the optical absorbance of the
puring and pyrimidine bases—a phenomenon referred
to as hyperchromicity of denarurarion. Because of the
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Figure 35-2. A diagrammatic representation of the
Watson and Crick model of the double-helical structure
of the B form of DNA. The horizontal arrow indicates
the width of the double helix {20 4), and the vertical
arrow indicates the distance spanned by one complete
turn of the double helix {34 A). One tum of B-DNA in-
cludes ten base pairs (bp), so the rise is 3.4 A per bp.
The central axis of the double helix is indicated by the
vertical rod. The short arrows designate the polarity of
the antiparallel strands. The major and minor grooves
are depicted, (A, adening; C, cytesing; G, guanine;

T, thymine; P, phosphate; 5, sugar [deoxyribosel.)

stacking of the bases and the hvdrogen bonding be-
tween the stacks, the double-stranded DNA molecule
exhibics properties of a rigid rod and in solution is a vis-
cous material that loses its viscosity upon denaruration.

The strands of a given molecule of DNA separate
over a temperature range. The midpoint i called che
melting temperature, or T,,. The T is influenced by
the base composition of the DINA and by the salt con-
centration of the solution, DNA rich in G-C pairs,
which have three hydrogen bonds, melts ar a higher tem-
perature than that rich in A-T pairs, which have two hy-
drogen bonds, A tenfold increase of monovalent cation
concentration increases the T, by 16.6 °C. Formamide,
which is commonly used in recombinant DNA experi-
ments, destabilizes hydrogen bonding between bases,
thereby lowering the T,,. This allows the strands of DINA
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Figure 35-3. Base pairing between deoxyadenosine

and thymidine involves the formation of two hydrogen
bonds, Three such bonds form between deoxyoytidine
and deoxyguanosine, The broken lines represent hy-
drogen bonds.

or DNA-RNA hybrids to be separated at much lower
temperatures and minimizes the phosphodicster bond
breakage that occurs at high temperatures,

Renaturation of DNA Requires
Base Pair Matching

Separated strands of DMNA will renature or reassociate
when appropriate physiologic temperature and salt con-
ditions are achieved. The rate of reassociation depends
upen the concentration of the complementary strands.
Reassociation of the two complementary DINA strands
of a chromosome afrer DNA replication is a physiologic
example of renaturation {see below). Ar a given temper-
ature and salt concentration, a particular nucleic acid
strand will associate tighty only with a complementary
strand. Hybrid molecules will also form under appro-
priate condidons, For example, DNA will form a hy-
brid with a complementary DMA (cDINA) or wich a
cognate messenger RNA (mRNA; see below). When
combined with gel electrophoresis rechniques thar sepa-
rate hybrid molecules by size and radioactive labeling o
provide a detecrable signal, the resulting analytic tech-
niques are called Southern (DNA/CDNA) and North-
ern blotting (DNA/RNA), respecrively. These proce-
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dures allow for very specific identification of hybrids
from mixtures of DNA or RNA (see Chapeer 40).

There Are Grooves in the DNA Molecule

Careful examination of the model depicted in Figure
35-2 reveals a major groove and a minor groove wind-
ing along the molecule parallel w the phosphodiescer
backbones. In these grooves, proteins can interact specif-
ically with exposed atoms of the nucleotides (wsually by
H bonding) and thereby recognize and bind to specific
nucleoride ences without disrupting the base pair-
ing of the dm:sz[c-hchcal DMNA molecule. As discussed in
Chaprers 37 and 39, regulatory proteins control the ex-
pression of specific genes via such interactions,

DNA Exists in Relaxed
& Supercoiled Forms

In some organisms such as bacteria, bacteriophages, and
many DINA-containing animal viruses, the ends of the
DNA molecules are joined o create a dosed drcle with
no covalenty free ends. This of course does not destroy
the pnlam]. of the molecules, but it eliminates all free 3
and 5" hydroxyl and Fhmph{:r}fl groups, Closed arcles
exist in relaxed or hu]}l:rl:[]l]td forms. Su pl:ru:u]s Are intro-
duced when a closed circle s cwisted around s own axis
or when a linear piece of duplex DMNA, whose ends are
fixed, is rwisted. This energy-requiring process puts the
molecule under stress, and the greater the number of su-
percoils, the greater the stress or torsion (st this by
ewisting a rubber band). Negative supercoils are formed
when the molecule is pwisted in the direction opposite
from the dackwise s of the ri.ghl—handal double
helix found in B-DNA. Such DINA is said o be under-
wound. The energy required to achieve this state 15, in a
sense, stored in the supercals, The transition to another
form that requires energy is thereby facilicated by the un-
derwinding, One such transition is strand separation,
which is a prerequisite for DINA replication and tran-
serprion. Supercoiled DINA s therefore a pr:ﬁ:'rrr.'d form
in biologic systems. Enzymes that catalyze topologic
changes of DMNA are called topoisomerases, | opoisom-
erases can relax or insert Hupl:n:ni]s. The b:ﬁl—:hara{.‘lcr—
ired example is bacterial gyrase, which induces negative
supercoiling in DNA wsing ATD as energy source. Ho-
malogs of this enzyme exist in all organisms and are im-
Furl:a.ni l;l:l‘gl:L‘i i'ur cancer Ehtmﬂlh:mp}r.

DNA PROVIDES ATEMPLATE FOR
REPLICATION & TRANSCRIPTION
The EEnerc informatton stored in the nucleoride se-

guence of DNA serves two pu ;P:}.'i‘-lﬂi. It 15 the source of
information for the synthesis of all protein molecules of

the cell and organism, and it provides the informarion
inherited by daughrer cells or offspring. Both of these
functions require that the DNA molecule serve as a
template—in the first case for the transeription of the
informarion into RNA and in the second case for the
rcpl{:cal:mn of the information into daughter DINA mol-
ecules.

The complementaricy of the Warson and Crick dou-
ble-stranded model of DINA strongly suggests thar
replication of the DNA molecule occurs in a semicon-
servative manner. Thus, when cach strand of the dou-
ble-stranded parental DNA molecule separares from its
complement during replication, each serves as a rem-
plate on which a new complementary strand is synthe-
sized (Figure 35-4). The two newly formed double-
stranded daughter DNA molecules, each conraining
ong strand (bur complementary rather than idenrical)
from the parent deuble-scranded DNA molecule, are
then sorted beoween the two daughrer cells (Figure
35-5). Each daughter cell conrins DNA molecules
with information identical to that which the parenc
possessed; yet in cach daughter cell the DNA molecule
of the parent cell has been only semiconserved.

THE CHEMICAL NATURE OF RNA DIFFERS
FROM THAT OF DNA

Ribonucleic acid (RNA) is a polymer of purine and
pyrimidine ribonucleotides linked together by 3°,5"-
phosphodicster bridges analogous to those in [INA
(Figure 35-6). Although sharing many features with
DNA, BNA possesses several specific differences;

(1} In RNA, the sugar moicty to which the phos-
phates and purine and p}frimidjnc bases are actached is
ribose rather than the 2'-deoxyribose of DINA.

{2} The pyrimidine componcnts of RNA differ from
those of DNA. Although RNA contains the ribonu-
cleotides of adenine, guanine, and cyrosine, it does not
possess thymine except in the rare case mentioned
below, Instead of thymine, RNA contains the ribonu-
cleotide of uracil.

{3} RNA exists as a single strand, whereas DNA ex-
ists a5 a2 double-stranded helical molecule. However,
given the proper complementary base sequence with
opposite  polarity. the single strand of RNA—as
demonstrated in Figure 35-7—is capable of folding
back on iwself like 2 hairpin and thus acquiring double-
stranded characteristics.

{4} Since the RNA molecule is a single strand com-
plementary to only one of the two strands of a gene, its
guanine content does not necessarily equal its cytosine
content, nor does its adenine content necessarily equal
its uracil content.
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Figure 35-4. The double-stranded structura of DNA
and the template function of each old strand (dark

shading) on which a new {light shading) complemen-
tary strand is synthesized,

(5) RNA can be hydrolyzed by alkali to 23" cyclic
dicsters of the mononucleotides, compounds that can-
not be formed from alkali-treated DINA because of the
absence of a 2-hydroxyl group. The alkali labilicy of
RNA 15 useful both diagnostically and analyucally,

[nformation within the single strand of RNA is con-
tained in its setjuence {"prim:tr}r strur_'turl:“} of purim:
and pyrimidine nucleotides within the polymer. The
sequence is complementary to the remplate soand of
the gene from which it was transcribed, Because of dhis
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Figure 35-5. DNA replication is semiconservative,
During a round of replication, each of the two strands
of DMA is used as a template for synthesis of a new,
complementary strand.

complementarity, an RNA molecule can bind specifi-
cally via the base-pairing rules to its template DNA
strand; it will not bind ("hybridize”) with the other
{coding) strand of its gene. The sequence of the RNA
molecule {excepr for U replacing T) is the same as that
of the coding serand of the gene (Figure 35-8).

Nearly All of the Several Species of RNA
Are Involved in Some Aspect of Protein
Synthesis

Those cyroplasmic RNA molecules thar serve as wem-
platcs for protein synthesis (ic, that transfer genetic in-
tormarion from DMA to the protein-synthesizing ma-
chinery) are designared messenger RNAs, or mRNAs,
Many other cyroplasmic RNA molecules (ribosomal
RNAs; rRNAs) have structural roles whercin they con-
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Figure 35-6.

tribure to the formation and funcron of ribosomes (the
organellar machinery for protein synthesis) or serve as
acdaprer molecules (transfer RNAs; (RNAs) for the
eranslation of RNA information into specific sequences
of polymerized amino acids.

Some RINA molecules have incrinsic catalyric activ-
ity. The activity of these ribozymes often involves the
cleavage of a nucleic acid. An example is the role of
RMNA in catalyzing the processing of the primary tran-
script of a gene into mature messenger RNA.

Much of the RNA synthesized from DNA remplates
in eukaryortic cells, including mammalian cells, is de-
graded within the nucleus, and it never serves as eithera
structural or an informational entiry within the cellular
cyroplasm,

Tn all eukaryotic cells there are small nuclear RNA
{snRNA) species that are not directly invalved in pro-
tein synthesis bur play pivoral roles in RNA processing,
These relatively small molecules vary in size from 90 w
abour 300 nucleotides {Table 35-1).

Asegment of a ribonucleic acid (RMA) molecule in which the purine and pyrimidine bases—
guanine (G, cytosine (C), uracil (U}, and adenine (A)—are held tegether by phosphodiester bonds between ribo-
syl moieties attached to the nucleobases by N-glycosidic bonds. Note that the polymer has a polarity as indi-
cated by the labeled 3'- and 5'-attached phosphates.

The genetic marterial for some animal and plane
viruses is RNA rather than DNA. Although some RNA
viruses never have their informartion transcribed into a
DNA molecule, many animal RNA viruses—specifi-
cally, the retroviruses (the HIV virus, for example)—are
transcribed by an RNA-dependent DNA polymerase,
the so-called reverse transcriptase, to produce a dou-
ble-stranded DNA copy of their RNA genome. In
many cases, the resulting double-stranded DNA tran-
script is inregrated into the host genome and subse-
quently serves as a template for gene expression and
from which new viral RNA genomes can be tran-

scribed.

RNA Is Organized in Several

Unique Structures

In all prokaryoric and eukaryoric arganisms, three main
classes of RNA molecules exis:: messenger RNA
(mRMA), ransfer RNA (tRNA), and ribosomal RNA
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Figure 35-7. Diagrammatic representation of the
secondary structure of a single-stranded RNA maolecule
in which a stem loop, or “hairpin,” has been formed and
is dependent upon the intramolecular base pairing.
Mate that A forms hydrogen bonds with U in RNA,

{rBNA), Each differs from the others by size, funcrion,
and general stability,

A. Messencer RNA (MRNA)

This class is the most hererogencous in size and stabil-
ity. All members of the class function as messengers
conveying the information in a gene to the protein-
synthesizing machinery, where cach serves as a remplare
on which a specific sequence of amino acids is polymer-
ized 1o form a specific protein molecule, the ultimare
gene product (Figure 35-9).

DMA strands:
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Table 35-1. Some of the species of small stable
RMAs found in mammalian cells.

Length Maolecules

Mame 1 inucleotides) i per Cell Lecalization
U1 165 | 1x10° | Nucleoplasm/hnRNA
L2 168 | 5x10° | Mucleoplasm
vz 116 P30 | Mucleolus
U4 135 | 12107 | Nucleoplasm
i 118 | 2x10° | Nucleoplasm
Li6 106 © 3x10° | Perichromatin granules
455 91-95 | 3x10° |Nucleusand cytoplasm
75 260 i 5x10° | Nucleus and cytoplasm
7-2 200 Pl 100 | Muclews and cytoplasm
7-3 300 J 23107 | Nucleus

Messenger BNAs, particularly in eukaryores, have
some unigue chemical charaeteristics. The 5" terminal
of mRNA is “capped” by a 7-methylguanosine triphos-
phate thae is linked to an adjacent 2°-C-methyl ribonu-
cleoside at its 5" -hydroxyl through the three phosphates
(Figure 35-10). The mRNA molecules frequently con-
tain internal G-methyladenylates and other 2'-O.ribose
methvlated nucleotides. The cap is involved in the
recognition of mRNA by the translating machinery,
and it probably helps stabilize the mENA by preventing
the attack of 5"-exonucleases. The protein-synthesizing
machinery begins wanslating the mRNA into proteins
beginning downstream of the 5° or capped terminal.
The other end of most mRNA molecules, the 3-hy-
droxyl terminal, has an atached polymer of adenylate
residues 20-250 nucleotides in length. The specific
funetion of the poly(A) “tail” at the 3"-hydroxyl termi-
nal of mENAs is not fully understood, but it seems that
it maintains the inteacellular stability of the specific
mBRNA by preventing the artack of 3-exonucleases.
Some mBMAs, influjing those {or some histones, do
not contain poly(A). The poly(A) ail, because it will
form a base pair with oligndeoxythymidine polymers
attached to a solid substrate like cellulose, can be wsed
1o separate mRMNA from other species of RNA, includ-
ing mRNA molecules that lack this tail.

Coding — & —TGGAATT
Template — 3 —ACCTTAA

AGCGGATAACAATTTCACACAGGAAACAGCTATGACCATG—T

RMA

transcripl ¥ FAUY

GTG
CACTCGCCTATTGTTARAAGTGTGTCCTTTGTCAATACTGGTAC —5
GUG

AGCGGAUAACAAUUUCACACAGGAAACAGOUAVUGACCAUG &

Figure 35-8. The relationship between the sequences of an RNA transcript and its gene, in which the cod-
ing and template strands are shown with their polarities. The RNA transcript with a 5" to 3' polarity is comple-
mentary to the tamplate strand with its 3" to 5" polarity. Note that the sequence in the RMA transcript and its

palarity is the same as that in the coding strand, except that the U of the transcript replaces the T of the gene.
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In mammalian cells, including cells of humans, the
mRNA mnlc‘cll]ﬂ E‘.IH,‘.EI:‘I'II.' |T|. "I'lf E}rtﬂplﬂqm arc not tl'l[:
ENA products immediately synthesized from the DNA
remplate but must be formed by processing from a pre-
cursar molecule before entering the cytoplasm. Thus,
in mammalian r||.:|r::|i:'i1 the immediate Frnducts of gene
transcription constitute a fourth cdass of RNA mole-
cules. These nuclear RNA molecules are very heteroge-
neous in size and are quite large, The heterogencous
nuclear RNA (hanRNA) molccules may have a molecu-
lar weight in excess of 107, whereas the molecular
weight of mBENA molecules is generally less than 2 %
10", As discussed in Chapter 37, haRNA molecules are
processed to generate the mRMNA molecules which then
enter the cytoplasm o serve as templates for procein
synthesis.

B. Transrer RNA (TRMNA)

tRMNA molecules vary in length from 74 to 95 nu-
cleotides. They also are generated by nuclear processing
of a precursor molecule {Chapter 37). The tRNA mole-
cules serve as adaprers for the translation of the infor-
mation in the sequence of nucleotides of the mENA
mnto .upg'cltﬁc aming acids. There are at least 20 ﬂm:r;ic.s
of tRMNA molecules in every cell, at least ane (and often
several] corresponding to each of the 20 amino acids re-
quired for protein synthesis, Although cach specific
tRMNA differs from the others in its sequence of nu-
cleatides, the tRNA molecules as a class have many fea-
tarcs in common. The primary structure—ie, the nu-
cleatide  sequence—af all (RNA  molecules allows
Ex.rcﬂﬁltvc F{}'{Iing ﬂnd inrru!it]'.;l.nd Eumplfrﬂcntﬂrlt}" (13
generate a secondary structure thae appears like a
cloverleaf (Figure 35-11).

All tRMNA molecules contain four main arms. The
acceptor arm terminates in the nucleotides {:F{:P.-*n.l:'jH.
These three nucleotides are added posteranseription-
ally, The tRNA-appropriate amino acid i5 anached o
the 3’-£}H group of the A muic:}r of the accepior arm,

Completed
prodein
malacula

Figure 35-9. The expression of genetic in-
formation in DNA into the form of an mRNA
transcript, This is subsequently translated by
ribosomes into a specific protein molecule.

The D, TWC, and extra arms help define a specific
tRMNA.

Although tRNAs are quire stable in prokaryotes, they
are somewhar less stable in eukarvores. The opposite is
true for mRMNAs, which are quite unstable in prokary-
otes bur generally stable in eukaryotic organisms.

C. RieosomaL RNA (RRNA)

A rnibosome is a cytoplasmic nucleoprotein structure
that acts as the machinery for the synthesis of proteins
from the mBNA templates. On the ribosomes, the
mBEMNA and (RNA molecules interact to translate into a
specific protcin molecule information transcribed from
the gene, In active prowin synthesis, many ribosomes
arc associated with an mRNA molecule in an assembly
called the polyseme,

The components of the mammalian ribosome,
which has a molecular weight of abour 4.2 % 10% and a
sedimentation velocigy of 808 (Svedberg unis), are
shown in Table 35-2, The mammalian ribosome con-
tains twa major nucleoprotein subunits—a larger one
with a molecular weighe of 2.8 % 10° (608) and a
smaller subunit with a molecular weighe of 1.4 = 10°
{405), The 605 subunit contains a 55 nbosomal BNA
{rRMNAY, a 5.85 rRNA, and a 285 rRNA; there arc also
probably more than 50 specific polypeprides, The 408
subunit is smaller and contains a single 185 rRNA and
approximatcly 30 distince polypepride chains, All of the
ribosomal RNA molecules excepr the 55 rRNA are
processed from a single 4535 precursor RMA molecule in
the nucleolus (Chapter 37). 55 rRNA s independentdy
transcribed. The highly methylated ribosomal RNA
molecules are packaged in the nucleolus with the spe-
cific ribosomal proweins. In the cytoplasm, the ribo-
somes remain quite stable and capable of many cransla-
tion cycles. The functions of the ribosomal RNA
molecules in the ribosomal paricle are noc fully under-
stood, but they are necessary for ribosomal assembly
and seem to play key roles in the binding of mRMNA w0
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Figure 35-10.

'». Q

The cap structure attached to the 3" terminal of most eukaryotic messen-

ger RNA molecules. A 7-methylguanosine triphosphate (black] is attached at the 5" terminal
of the mRMA (shown in blue), which usually contains a 2°-0-methylpurine nuclectide,
These modifications (the cap and methyl group) are added after the mRMA is transcribed

from DNA,

ribosomes and its translation, Recent studies suggest
that an rRNA component performs the peprdyl crans-

ﬁ:ra.r(: LIC'l'i'i"i.['_'..' and T]"il.l}i 15 an I‘.‘]'I.Z}"I.'I'Il: {H FIIHFZ}'TI'IE].

D. SmaLL 5TABLE RNA

A large number of discrete, highly conserved, and small
stable RMNA specics are found in cukaryotic cells. The
majority of these molecules are complexed with pro-
teins to form ribonucleoproteins and are distribured in
the nucleus, in the cytoplasm, or in both. They range in

size from 90 to 300 nucleondes and are presenc in
L0 D00-1 B00,000 copies per cell,

Small nuclear RNAs (snRNAs), a subser of these
BMNAs, are significantly involved in mBNA processing
and gene regulation. OF the several snRNAs, UL, U2,
1r4, Us, and U6 are involved in intron removal and the
processing, of hnRNA inte mRNA {Chnpn:r 37). The
U7 snRNA may be invelved in production of the cor-
rece 3 ends of histone mRNA—which lacks a poly{A)
tail. The U4 and Ub snBRNAs may also be required for
poly(A) processing.
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A
Acceptor c
arm c

Region of hydrogen
bonding batween

Alkylated purina

Anticodon arm

Figure 35-T1. Typical aminoacyl tRNA in which the
amino acid (aa) is attached to the 3" CCA terminal. The
anticodon, TYC, and dihydrouracil (D) arms are indi-
cated, as are the positions of the intramolecular hydro-
gen bonding between these base pairs. (From Watson
IO Aalecular Biofogy of the Gene, 3rd ed. Copyright ©
19786, 1870, 1965, by WA, Banjamin, Inc, Menlo Park, Cali-
formial)

SPECIFIC NUCLEASES DIGEST
NUCLEIC ACIDS

Enzymes {.':li.'rH.l:]]L' of degrading nucleic acids have been
recognized for many years. These nucleases can be clas-
sified in several ways. Those which exhibin specificity
for :lL'ux}'r':hunu::]f':L acid are referred to as ﬂl&ﬂ:}'t‘i—-
bonucleases. Those which specifically hydrolvee ri-
bonueleic acids are ribnnu{:auts; Within both of
these classes are enzymes capable of cleaving internal
IJ]'I:!:].';[‘.I!'LI:!H:].i.I’.'!itL‘I‘ bonds o Fmduu: cither 3 -hjp'tlru:c}rl
and $-phosphoryl wrminals or 5 -hydroxyl and 3%
phosphoryl terminals. These are referred to as endonu-
cleases. Some are capable of hydrolyzing both strands
of & double-stranded molecule, whereas others can
only cleave single strands of nucleic acids. Some nuele-
ases can hydrolvee only unpaired single strands, while
athers are capable of hydrolyzing singtru strands partici-
Fating in the formation of a double-stranded molecule,
There exist classes of endonucleases that recognize spe-
cific sequences in DNA; the majority of these are the
restriction endonucleases, which have in recent vears
become important tools in molecular geneties and med-
fcal sciences. A list of some currently recognized restrie-
tion endonucleases is presented in Table 40-2.

Some nucleases are capable of hydrolyzing a nu-
eleotide only when it is present at a terminal of a mole-
cule; these are referred o a5 exonucleases. Exonucle-
ases act in one directon (3" — 3 or 3" = 3 only, In
bacteria, a 3’ — 5" exonuclease s an integral part of the
DNA rL'EJ]'lr_':niun machinery and there serves w edi—
or proofread—the most recently added deoxynucleo-
tide for base-pairing errors,

Table 35-2. Components of mammalian ribosomes.

I Mass Protein i RNA
Component E {mw)] iNumber Mass i5|-ze Mass  Bases
o T B s T | Pl T Y B M TN T O S T Y S | ARy T L | LN e
405 subunit |14x10% | ~35  7x10° 1185 | 7x10° | 1900
605 subunit | 28x10° ] ~50  1=10°}55 | 35000 | 120
i {585 | 45000 | 160
i 1 285 i].ﬁﬂﬂ"i#?ﬂﬂ

'The ribosomal subunits are defined according to their sedimentation ve-
locity in Svedberg units (405 ar 605}, This table illustrates the total mass
(MWW} of each. The number of unique proteins and their total mass {MW) and
the RNA compaonents of each subunit in size (Svedberg units), mass, and

number of bases are listed.



SUMMARY

DNA consists of four bases—A, G, C, and T—
which are held in lincar array by phosphodiester
bonds through the 3° and 5 positions of adjacent de-
axyribose moletics,

DA is ul‘gahiﬂ:d into two strands 1!_'!." the Fairlng ol
bases A to T and G o C on complementary strands.
These strands form a double helix around a cencral
axis.

The 3 % 10° base pairs of DNA in humans are orga-
nized into the haploid complement of 23 chromao-
somes, The exact sequence of these 3 billion nu-
cleorides defines the uniqueness of each individual.

DINA provides a templare for s own replicacion and
thus maintenance of the genotype and for the tran-
scripeion of the 30,000-50,000 genes into a vanety
of RNA molecules,

RMNA exists in several different single-stranded strue-
tures, most of which are involved in protein synthe-
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sis. The linear array of nucleotides in RNA consists
of A, G, C, and U, and the sugar moiery is ribose.,

* The major forms of RNA include messenger RNA
{mRNA), rbosomal BNA (RNA), and cransfer
BENA (tRNA). Certain BNA molecules act as cara-
lysts (ribozymes),

REFERENCES

Green B, Noller HE: Ribosomes and mranslation, Annu Rev Bio-
chem 1997,66:689,

Guthrie C. Matterson B: Spliceosomal snRMAs. Ann Rev Genet
1498825387

Humnt T: ONA Maker BNA Maker Protern. Flagvier, 1983,

Warsen [13, Crick FHC: Molecular structure of nucsic acids. Ma-
e 1953 171:737.

Warsan JI» T Dewivle Helfie, Arheneum, 1968

Watson [T et al: Molecndar Bindogy of the Gene, Sth od. Benjamin-
Cummings, 200{.



DNA Organization, Replication,

& Repair

Daryl K. Granner, MD, & P. Anthony Weil, PhD

BIOMEDICAL IMPORTANCE"

The genetic information in the DNA of a chromosome
can be rr;m_-amirm:l h}' exact rcp]ir_'utinn or it can he eX-
changed by a number of processes, including crossing
over, recombination, transposition, and  conversion,
These provide a means of ensuring adapeability and di-
1.'cr51'ty for t]'u: an..mi.l;m |'rut. when rhr.-.\-r processes go
wwry, can also result in disease. A number of enzyme
systems are involved in DNA replication, alteration,
and repair. Mutarions are due to a change in the base
sequence of DNA and may resulr from the faulty repli-
cation, movement, or repair of DNA and ocour with a
frequency of about one in every 10° cell divisions, Ab-
normalities in gene products (either in protein function
or amount) can be the resule of mutations that occur in
coding or regulatory-region DNA. A mutation in a
germ cell will be transmitted to offspring (so-called ver-
tical transmission of hereditary disease). A number of
factors, including viruses, chemicals, ultravioler lighe,
and toniring radiation, increase the rate of mutaton,
Mutations often affect somatic cells and so are passed
on to successive generations of cells, but only within an
organism. It is becoming apparent that a number of
diseases—and perhaps most cancers—are due o the
cambined effects of vernical transmission of mutations
as well as horizontal transmission of induced mutations.

CHROMATIN IS THE CHROMOSOMAL
MATERIAL EXTRACTED FROM NUCLEI
OF CELLS OF EUKARYOTIC ORGANISMS

Chromatin consists of very long double-srranded DNA
molecules and a nearly equal mass of rather small basic
proteins termed histones as well as a smaller amount of
nonhistone proteins (most of which are acidic and

*5o far as s possible, the discussion in chis chaprer and in Chaprers
j". jH. ﬂﬂ.rd 5':} mlll Flf"l'lﬂ.il'l o ma ml'l'l]ll.lﬂ'n ﬂl'ﬂ.'l“llmﬁ. \\rl'li;h are, ﬂ‘F
course, among the higher eukarvotes. Ar nmes it will be necessary
to refer 1o ohservanons prnll:nr?'m:l: OFEATISTILS such as hacreria
and vimses, but in such cases the informanan will be of 3 kind thar
can be rxrupn]:m:rl tor mammalian NTEANIETS.
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larger than histones) and a small quanticy of RNA, The
nonhistone proteins include enzymes involved in DNA
replication, such as DNA rtopoisomerases. Also in-
cluded are proteins involved in transcriprion, such as
the RNA polymerase complex. The double-stranded
DINA helix in cach chromosome has a length that is
thousands of times the diameter of the cell nucleus.
One purpose of the molecules that comprise chro-
matin, particularly the histones, is to condense the
DMNA. Electron microscopic studics of chromarin have
demonstrated dense spherical particles called nucleo-
somes, which are approximarely 10 nm in diamerer
and connecred by DNA Alamenes (Figure 36-1), Nu-
cleosomes are composed of DINA wound around a col-
lection of histone molecules.

Histones Are the Most Abundant
Chromatin Proteins

The histones are a small family of closely relared basic
proteins. H1 histones are the ones least tighty bound
to chromarin Figure 36-1) and are, therefore, easily re-
moved with a salt solution, after which chromarin be-
comes soluble. The organizational unit of this soluble
chromarin is the hucll":nmme. Mucleosames contain
four classes of histones: H2A, H2B, H3, and H4. The
structures of all four histones—H2A, H2B, H3, and
H4, the so-called core histones forming the nucleo-
some—have been highly conserved berween species.
This extreme conservation implies thar the function of
histones is identical in all eukaryotes and thar the entire
molecule is involved quite specifically in carrying out
this function. The carboxyl rerminal two-thirds of the
molecules have a rypical random amine acid composi-
tion, while their amino rerminal thinds are particularly
rich in basic amino acids. These four core histones are
subject to at least five types of covalent modifica-
tion: acerylation, methylation, phosphorylation, ADP-
ribosylation, and covalent linkage (H2A only) to ubig-
uitin. These histone modifications probably play an
important role in chromarin scrucrure and funcrion as
illuscrared in Table 36-1.

The histones interact with each other in very specific
ways. H3 and H4 form a tetramer containing rwo mol-
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Figure 36-1. Electron micrograph of nucleosomes
attached by strands of nucleic acid. (The bar represents
2.5 um.) (Reproduced, with permission, from Cudet F,
Gross-Bellard M, Chambaon P Electron microscopic and
bicchermical evidence that chromatin structure is a re
peating unit. Cell 15754281 )

ecules of each (H3/H4),, while H2A and H2B form
dimers (HXA-H2B). Under physiologic conditions,
these histone oligomers associate 1o form the histone oc-
tamer of the ﬂrmpm‘i.ti{m (H3/H4),-(H2A-H2B},.

The Muclecsome Contains Histone & DNA

When the histone octamer is mixed with purified, dou-
ble-stranded DMNA, the same s-ray diffraction pattern is
formed as that observed in freshly isolated chromatin.
Electron microscopic studies confirm the existence of
reconstituted nucleosomes. Furthermore, the reconso-
mton of nucleosomes from DNA and histones H2A,
H2B, H3, and H4 15 inrjrp:ndt'nt af the urganismnl or
cellular origin of the various components, The histone
H1 and the nonhistone proteins are not necessary for
the reconsutunon of the nucensome core.

Table 36-1. Possible roles of modified histones.

1. Acetylation of histones H3 and H4 is associated with the ac-
tivation or inactivation of gene transcription (Chapter 37),

2, Acetylation of core histones is associated with chromoso-
mal assembly during DNA replication.

3. Phosphorylation of histone H1 is associated with the con-
densation of chromasomes during the replication cycle.

4, ADP-ribosylation of histones is assaciated with DNA repair,

5. Methylation of histones is correlated with activation and
repression of gene transcription,

In the nucleosome, the DNA is supercoiled ina lefi-
hﬂﬂdﬂl ]'I.I'.'l'i':( 0over rl'l:' .h“rE'H:l;' []'Ftl'l.f di.ql{-"hapﬁ'd i'li.\[ﬂnl:
actamer (Figure 36-2). The majority of core histone
proteins interact with the DNA on the inside of the su-
percoil withour protruding, though the amino rerminal
tailﬁ ﬂFall tI'IE I'li.fitﬂ‘riﬂﬁ thﬂbl}'— Fr{’tn.ll'jf ol r\lld.l.' I:l"'- t|'|i:1
structure and are available for regulatory covalent maod-
ificanions (see Table 36-1).

The (H3/H4), tetramer atself can confer nucleo-
some-like propertics on DNA and thus has a central
role in the formation of the nucleosome. The addition
of two H2ZA-H2B dimers stabilizes the primary particle
and firmly binds two additional half-turns of DNA pre-
viously bound only loosely to the (H3/H4).. T'E-.l.s,
1.75 superhelical turns of DINA are wrapped around
the surface of the histone octamer, protecting 146 base
pairs of DNA and forming the nucleosome core particle
[Figurr 36-2), The core P'qrtil:l::s are scpar:ltcd by an
about 30-bp linker region of DNA. Most of the DNA
15 i a repeaning series of these structures, giving the so-
called “beads-on-a-string” appearance when examined
by electron microscopy (sec Figure 36-1).

The assembly of nuceosomes is mediated by one of
several chromatin assembly factors facilitated by histone
ch:lpc:mnﬂ;, Pmrcin.»: such as the anionic nuclear prutcin
nudmplasmin. .'5.5 the nun:l:,mnml: 15 :LEHL']TII'I-'L‘I;I. |'|':s-
tones are released from the histone chaperones. Nucleo-
somes appear to exhibic preference for certain regions on
specific DINA malecules, but the basis for this nonman-
dom distnbution, termed F]'la.sing, 15 not cnmp]rrtd}'

Higtong octamear

Y o
~ ﬁl_._z

Figure 36-2. Model for the structure of the nucleo-
same, in which DNA is wrapped around the surface of a
flat protein eylinder consisting of two each of histones
H2A, H2B, H3, and H4 that form the histone octamer.
The 146 base pairs of DNA, consisting of 1.75 superheli-
cal turns, ara In contact with the histone actamer, This
protects the DMA from digestion by a nuclease. The po-
sition of histone H1, when it is present, is indicated by
the dashed outline at the bottom of the figure,
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understaad. It s probably related to the relative physical
flexibility of certain nucleotide sequences that are able to
pccommaodate the regions of kinking within the super-
coil as well as the presence of other DNA-bound Factors
that limit the sites of nucleosome deposition.

The super-packing of nucleosames in nuclei is seem-
ingly dependent upon the interaction of the H1 his-
tones with adjacent nucleosomes.

HIGHER-ORDER STRUCTURES PROVIDE
FOR THE COMPACTION OF CHROMATIN

Eleceron miacroscopy of chromatin reveals owo higher
orders of structure—the 10-nm fibrl and the 30-nm
chromatin fiber—beyond that of the nucleosome itself,
The disk-like nucleosome structure has a 10-nm diame-
ter and a height of 5 nm. The 10-nm fibril consises of
nucleosomes arranged with their edges separated by a
small distance (30 bp of DNA) with their Hat faces par-
allel with the fibril axis (Figure 36-3). The 10-nm fibril
15 probably further supercoiled with six or seven nucleo-
somes per turn to form the 30-nm chromatin fber
(Figure 36-3). Each turn of the supercoil is relanvely
flat, and the faces of the nudeosomes of successive
turns would be nearly parallel to cach other, H1 his-
tones appear to stabilize the 30-nm fber, but their posi-
tion and that of the variable length spacer DNA are not
clear. [t is probable that nudeosomes can form a variety
of packed structures, In order to form a mitatic chro-
mosome, the 30-nm fber must be compacted in length
another 100-fold {see below),

In interphase chromosomes, chromann fibers ap-
pear o be Urgam'.r.c{l ingo 30, 000100, D00 11[1 II:II:IF'i or
domains anchored in a scaffolding (or supporting ma-
trix) within the nucleus. Within these domains, some
DMA sequences may be located nonrandomly. It has
been suggested that cach looped domain of chromatin
carresponds to one or more separate genetic functions,
containing both coding and noncoding regions of the
COZNAte gone Or gencs,

S50ME REGIONS OF CHROMATIN ARE
“ACTIVE" & OTHERS ARE “INACTIVE”

Generally, every cell of an individual metazoan organism
contains the same genetic information. Thus, the differ-
ences between cell rypes within an organism must be ex-
plained by differental expression of the common genetic
information. Chromatin containing active genes [ic,
transcriptionally active chromarin) has been shown o
differ in several ways from that of inactive regions, The
nucleosome structure of active chromann appears o be
altered, sometimes quite extensively, in highly active re-
gions, DMA in active chromatin contains large regions
{about 100,000 bases long) that are sensitive to diges-

tion by a nuclease such as DMNase [ DNase 1 makes sin-
gle-strand cuts in any segment of DNA (no sequence
specificity). It will digese DNA not protected by protein
into its component desxynucleotides, The sensitivity to
[DMase | of chromatin regions being actively transcribed
reflects only a potental for transcription rather than
eranscription itsell and in several systems can be corre-
lated with a relative lack of S-methyldeoxyoytidine in the
DNA and partcular histone  covalent modifications
{phosphonyation, acetylation, cee; see Table 36-1),

Within the ]argc :rcgiuns of active chromatin there
exist shorter stretches of 100-300 nudeotides thar ex-
hibit an cven greater {another tenfold) sensitivity to
DMase | These hypersensitive sites probably resule
from a scructural conformation that favors aecess of the
nuclease o the DNA, These regions are often located
immediately upstream from the active gene and are the
location of interrupted nucleosomal structure caused by
the bim]jng of nonhistone rcgul:imry tr:n.l.'i:rl'pric;n factor
proteins, (See Chaprers 37 and 39.) In many cases, it
seems that if a gene 15 capable of being transeribed, it
very aften has a DNase-hypersensitive site(s) in the chro-
matin immediaely upstream. As noted above, nonhis-
tone regulatory proteins involved in transcription control
and those involved in maintining access to the template
strand lead to the formation of hypersensitive sites, Hy-
persensitive sites often fprnvidc the first clue about the
presence and location of a transcniption control clement,

Transeriptionally inactive chromatn is  denscly
packed during interphase as observed by clectron mi-
croscopic studies and 15 referred 0 as heterochro-
matin; cranscriptionally active chromatin stains less
denscly and is referred to as cuchromatin. Generally,
cuchromatin is replicated earier than heterochromatin
in the mammalian cell cycle (see below).

There are two types of heterochromarin: constitutive
and facultative. Constitutive heterochromatin 15 al-
ways condensed and thus inactive. It is found in the
regions near the chromosomal centromere and ar chro-
mosomal ends {relomeres). Facaltative heterochro-
matin 15 at times condensed, but ar other times i 15 ac-
tively transeribed and, thus, uncondensed and appears
as cuchromatin, Of the two members of the X chromo-
some pair in mammalian females, one X chromosome is
almaost completely inactive transcriptionally and is hete-
rochromatic. However, the heterochromatic X chromo-
some decondenses during gametogencsis and becomes
frﬂnﬁcriprlﬂnﬂ]l}' :'H:t:i"f'ﬂ 'l,l'l.l.rjl'lg c:trl}" cthj‘ﬂgﬂl‘lﬂﬁiH—
thus, it is ficultative heterochromartin.

Certain cells of inscets, eg, Chiromomus, contain
giant chromosomes that have been replicated for wen
cycles withuut separation of -.nght:r chromarids,
These copies of DNA line up side by side in precise reg-
ister and produce a banded chromosome contaming re-
gions of condensed chromaein and lighter bands of
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cycle (see Figure 36-20).
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Shown is the extent of DNA packaging in metaphase chromosomes (top) to noted duplex DNA {bot-
fom). Chromosomal DMA is packaged and organized at several levels as shown (see Table 36-2), Each phase of con-
densation or compaction and organization {bottom to top) decreases overall DNA accessibility to an extent that the
DA sequences in metaphase chromosomes are almaost totally transcriptionally inert. In toto, these five levels of
10%fold linear decrease in end-to-end DNA length, Complete condensation and
in chromosomes occur in the space of hours during the normal replicative cell

37
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maore extended chromatin, Transcriptionally active re-
gions of these polytene chromosomes are especially
decondensed into “puffs™ that can be shown to contain
the enzymes responsible for transcription and o be the
sites of RNA synchesis (Figure 36-4),

DNA IS ORGANIZED
INTO CHROMOSOMES
.jlli FI'IL'[:EI'II'&JM,'.

rwofold symmetry, with the identical duplicated sister
chromatids connecred ar 2 centromere, the relative po-

rn:imrn:||i;5n E}IIDH.'IDSDI"ES PIZJ:EM‘.‘N a

a B

Figure 36-4. lustration of the tight correlation be-
tween the presence of RNA polymerase || and RNA syn-
thesis. A number of genes are activated when Chirono-
mus tentans larvae are subjected to heat shock (39 °C
for 30 minutas). A: Distribution of RNA polymerase ||
(also called type B} in isolated chromosome IV from the
salivary gland (at arrows), The enzyme was detected by
immunofluorescence using an antibody directed
against the polymerase. The 5C and BR3 are specific
bands of chromosome IV, and the arrows indicate puffs,
B: Autoradiogram of a chromosome IV that was incu-
bated in *H-uridine to label the RNA. Note the comre-
spondence of the immunofluorescence and presence
of the radioactive RMNA (black dots). Bar = 7 pm. (Repro
duced, with permission, fram 5ass H: RNA polymerase B in
palytene chromaosomes, Cell 1982,28:274. Copyngh

1982 by the Massachusetts Institute of Technology.)

sition of which is charactenistic for a given chromosome
{F:gun_' 36-3). The centromere is an adenine-thymine
(A-T} rnich region ranging in size from 107 (brewers'
yeast) to 10" {mammals) base pairs. It binds several pro-
teins with high affinity, This complex, called the kine-
tochore, provides the anchor for the mitotic spindle. It
thus is an essential structure for chromosomal segrega-
flon t[uring MHIEOSIS,

The ends of each chromosome contain structures
called telomeres. Telomeres consist of shart, repear
TG-rich sequences, Human telomeres have a variable
number of repeats of the sequence 5-TTAGGG-3,
which can extend for several kilobases. Telomerase, a
multisubuni Il}-«l.f'l-n'rlmaining :'nmpfu: related o viral
RMA-dependent DNA polymerases (reverse transcrip-
tases), 15 the enzyme responsible for telomere synthesis
and thus for maintaining the length of the telomere,
Since telomere shortening has been associated with
both malignant transformation and aging, telomerase
has become an artractive trgee for cancer chemaother-
apy and drug development, Each sister chromatid con-
tains one double-stranded DNA molecule, Durjng in-
terphase, the packing of the DINA molecule is less dense
than it is in the condensed chromosome during
metaphase, Metaphase chromosomes are nearly com-
p]u.'.:r[}' :ransrri]‘r:inna”j’ inactive.

The human haploid genome consists of  abour
3= 10" bp and about 1.7 % 10° nucleosomes. Thus, each
of the 23 chromatids in the human ]1:!|1|m-:[ genaome
would contain on the average 1.3 2 10" nucleodes in
one double-stranded DNA molecule, The length of
each DNA molecule must be compressed abour B000-
fold to generate the structure of a condensed metaphase
chromosame! In mL'I.I]'I-I'!l.'I.l:L‘ chromosomes, the 30-nm
chromann fibers are also folded into a series of looped
domains, the proximal portions of which are anchored
to a nonhistone proteinaceous scaffolding within the
nucleus (Figurr.' 36-3). The P:IE]{;HE ratios af each of
the orders of DNA structure are summarized in Table
302,

The packaging of nucleoproteing within chromacids
i5 nat random, as evidenced by the characteristic pat-
terns observed when chromosomes are smined with spe-
cific dyes such as quinacrine or Giemsa's stain (Figure
36-6).

From individual to individual within a single
species, the pattern of stuining (banding) of the ennre
chromosome complement is highly reproducible; none-
theless, it differs significantly from other species, even
those closely related. Thus, the packaging of the nucleo-
proteins in chromosomes of higher cukaryotes must in
some way be dependent upon species-specific character-
istics of the DMNA molecules.

A combination of specialized staining technigues
and high-resolution microscopy has allowed genericises
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Sister cheomalid No. 1 %

Figure 36-5. The two sister chromatids of
human chromosome 12 (= 27,850). The location
of the A+T-rich centromeric region connecting
sister chromatids is indicated, as are two of the
four telomeres residing at the very ends of the
chromatids that are attached one to the other at
the centromere. (Mod |I-"-.. hru; r_|:| oduced, wilh
pemmission, from DuPrs
s, Halt, Rinehart

and Winston, 1970

ta quite precisely map thousands of genes to specific re-
gions of mouse and human chromosomes. With the re-
cent elucidation of the human and mouse genome se-
quences, it has become clear thar many of these visual
mapping methods were remarkably accurare,

Coding Regions Are Often Interrupted
by Intervening Sequences

The protein coding regions of DNA, the transcriprs
of which ultimately appear in the cyroplasm as single
mBRMNA molecules, are usually interrupred in the eu-
karyotic genome by large intervening sequences of

Table 36-2. The packing ratios of each of the
orders of DNA structure.

Chrematin Form Packing Ratio

Maked double-helical DNA ~1.0

10-rm fikril of nuclecsormes i 7-10

15- ta 30-nm chromatin fiber of superheli- | 40-60
cal nucleosomes :

Condensed metaphase chromosome of : B0

loops

Sleter chromatid Mo, 2

‘)Buﬁum

Telomaras
(TTAGE),

nunprl}l:in coding DNA. Accordingly, the FIFII'I'I..JH
transcripts of DN-& (mEMNA precursors, - origin: ally
termed hnBNA because this species of RINA was quite
heterogeneous in sive [length] and mostly restricred
the nucleus), contain noncading intervening sequences
of RNA that must be removed in a process which also
joins togecher the appropriate coding segments to form
the mature mENA. Most coding sequences for a single
mBRMNA are interrupted in the genome (and dthus in the
primary transcript) by at least one—and in some cases
as many as Sl—noncoding intervening sequences {in-
trons). In most cases, the introns are much longer than
the conunuous {.r:ﬂ:JIHl_ regions {exons), The [)J’HLL‘HHIH{___
of the primary cranscript, which involves removal of in-
trons and splicing of adjacent exons, is described in de-
tail in Chaprer 37.

The function of the intervening sequences, or in-
trons, is not clear. They may serve to separate func-
tional domains {exons) of coding informarion in a form
thar permits genetic rearrangement by recombination
to occur mare rapidly than if all coding regions for a
given genetic function were contiguous. Such an en-
hanced rate of genetic rearrangement of functional do-
mains might allow more rapid evolution of bologic
funcion.  The  relationships  among
DNA, gene clusters on the chromosome, the exon-
intron structure of genes, and the final mRNA product
are illustrated in Figure 36-7.

l;.'l".]'ﬂ[ﬂ D5HT ill
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Figure 36-6. A human karyotype (of a man with a normal 46, XY constitution), in
which the metaphase chromosomes have been stained by the Giemsa method and
aligned according to the Paris Convention. (Courtesy of H Lawee and F Conte)

MUCH OF THE MAMMALIAN GENOME
IS REDUNDANT & MUCH IS5
NOT TRANSCRIBED

The haploid genome of each human cell consists of
3 % 10" basc pairs of DNA subdivided into 23 chromo-
somes. The entire haploid genome contains sufficient
DNA o code for nearly 1.5 million average-sized
genes, However, studies of murtation rares and of the
complexitics of the genomes of higher organisms
strongly suggest that humans have < 100,000 proteins
encoded by the -1.1% of the human genome thar is
composed of cxonic DNA. This implies thar most of
the DNA 15 noncoding—ic, its information is never
translated into an amino acid sequence of a protein
molecule, Cerrainly, some of the excess DINA sequences
serve o regulate the expression of genes during devel-
opment, differentiation, and adapration to the environ-
ment. Some excess clearly makes up the intervening se-
quences or introns (24% of the ol human genome)
thar split the coding regions of genes, bur much of the
excess appears to be composed of many familics of re-
peated sequences for which no functions have been
clearly defined. A summary of the salient features of the
human genome is presenced in Chaprer 40,

The DNA in a cukaryotic genome can be divided
into different “sequence classes.” These arc unique-
sequence, or nonrepetitive, DNA and repetitive-
sequence DMNA. [n the haploid genome, unique-se-
quence DNA generally includes the single copy genes
that code for proteins. The repetitive DNA in the hap-
loid genome includes sequences that vary in copy num-
ber from two to as many as 10 copies per cell,

More Than Half the DNA in Eukaryotic
Organisms Is in Unigue or
MNonrepetitive Sequences

This estimation {and the distribution of repetitive-
sequence DNA) is based on a variety of DINA-RNA hy-
bridization techniques and, more recently, on direct
DMNA sequencing, Similar techniques are wsed to esti-
mate the number of active genes in a population of
unigue-sequence DNA. In brewers’ yeast (Saccha-
ramyces cerepisiae, a lower cukaryote), abour two thinds
of its 6200 genes are expressed, In typical tissues in a
higher eukaryote (eg, mammalian liver and kidney), be-
rween 10,000 and 15,000 genes are expressed. Differ-
ent combinations of genes are expressed in cach tssue,



DNA ORGAMIZATION, REPLICATION, & REPAIR

Chromosome [

{12 « 107 ganas) ) 15 x10%pp

I

%
[T TTTHNTH 15 <10'op

Gena cluster
| =20 genes)

/
i 1 HE N

3
Bz <i'ep

|’
ﬁane—[,f.?-/ /h I l I |

LN T T T

Primary transcripl

PR 2x10°nt

Figure 36-7. The relationship between chromosomal DNA and mRMNA. The human
haploid DNA complement of 3 x 10° base palrs (bp) Is distributed between 23 chromo-
somes. Genes are clustered on these chromosomes. An average geneis 2 = 10*bpin
length, including the regulatory region (hatched area), which is usuvally located at the 5°
end of the gene, The regulatary region Is shown here as being adjacent to the transcrip-
tion initiation site (arrow). Most eukaryotic genes have alternating exons and introns. In
this example, there are nine exons (dark blue areas) and eight intrens (light blue areas).
The intrans are removed from the primary transcript by the processing reaction, and the
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exons are ligated together in sequence to form the mature mBNA. (nt, nucleotides.)

of course, and how this is accomplished is one of the
major unanswered questions in l!iulng}r.

In Human DNA, at Least 30% of the
Genome Consists of Repetitive Sequences

R.-I.'Ft’til’i.\'ﬂ—.‘il:qul:ﬂl:: I-JN.I'!.L can I'N'.' hrﬂildl}" E[:Iﬁ.ii.ﬁl:d s

]T.II'HIICF.'HEI}" ]'l.‘PtTJII.'i.'l.T 0or as I'Iig]'li}- H:Flttil'i.\"f, Tht I'Ii.El.'l]"r"

repetitive sequences consist of 3-500 base pair lengths
repeated many times in tandem. These sequences are
usually elustered in centromeres and telomeres of the
chromosome and are present in about 1=10 million
copies per hapl:]ld genome, These sequences are tran-
sciiprionally inactive and may play a strucearal eole in
the chromosome {see L.[']:I.FITEF 40).

Th: rnnd:mrfl.}r rcp::*ir'wc Sefjuences, which are cln:-
fined as being present in numbers of less than 10"
copies per haploid genome, are not clustered bur are in-
terspersed with unique sequences. In many cases, these
long interspersed repeats are transcribed by RNA paly-
merase [T and contain caps indistinguishable from those
on mRNA.

Depending on their length, moderately repentive
sequences are classified as long interspersed repeat
sequences (LINEs) or short interspersed repeat
sequences (SINEs). Both types appear 1o be
retroposons, ic, they arose from movement from one
location to another (transposition) through an RNA
intermediate by the action of reverse transeriprase that
transcribes an RMA r.umpl;ur_- into DMNA. Mammalian
genomes contain 20-50 thousand copies of the 6-7 kb
LINEs. These represent species-specifie families of re-
peat elements, SINEs are shorter (70-300 th.. and
there iy be more than 100,000 COPIES Per pendame.
Of the SINEs in the human genome, one family, the
Alu family, is present in abowt 500,000 copies per hap-
loid genome and accounts for ar least 5-6% of l]P
]'I.I..'l[nd.n B'L[]U[I'I.L h"lcﬂﬂ.'lLl'\ lll [hl hunun a|.I|.|. l.l.r.l"l.lJ‘.-'
and their closely related analogs in other animals are
transcribed as incegral components of hnRNA or as dis-
crete RNA molecules, J'nJMuim.Eh the well-studied 4.58
RHA 311d ?S RN.’ﬂL FI.‘I"I-L.HL FdnJLu]AI idnl]l} I]'I.LI'[iI.'H.r“
are highly conserved within a species as well as between
mammalian species. Components of the short inter-
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spersed repears, including the members of the Alu fam-
|]_}'., mij' "K.' rn{;hill: r.'l:.'m{‘rltﬁ.. E.'IF-'lhi‘.' ﬂF jum]‘.lllng il'ltﬂ
and out of yvarious sites within the genome (see below),
This can have disastrous resules, as exemplified by the
irl..‘ir.'rti.un UF.'!'ll.l.] S‘L‘fli.l{:rll::ﬁ iT“'U a gr:.:rl.l:, whic[‘:, wh{.‘rl 2 ]
il l‘.‘Ln:E]. CALLARES n(‘llTﬂﬁhrﬂmﬂtmiﬁ,

Microsatellite Repeat Sequences

One category of repeat sequences cxists as both dis-
persed and grouped tandem arrays. The sequences con-
sist of 2-6 bp repeated up o 50 tmes. These mi-
crosatellite sequences most commonly are found as
dinucleotide repeats of AC on one strand and TG on
the opposite strand, but several other forms occur, in-
cluding CG, AT, and CA. The AC repear sequences arc
estimated to occur ar 50,000-100,000 locations in the
genome. At any locus, the number of these repeats may
wvary on the two chromosomes, thus providing hererozy-
gosity of the number of copies of a particular mi-
crosatcllice number in an individual, This is a heritable
trait, and, because of their number and the case of de-
recting them using the polymerase chain reaction
(PCR) (Chaprter 40), AC repeats arc very uscful in con-
structing genetic linkage maps, Most genes are associ-
ated with one or more microsatellice markers, so the rel-
ative position of genes on chromosomes can be
assessed, as can the association of a gene with a discase,
Using PCR, a large number of family members can be
rapidly screened for a cerrain microsatellite polymor-
phism. The associaton of a specific polymorphism

with & gene in affected family members—and the lack
of this association in unaffected members—may be the
first clue shout the genetic basis of a discase,

Trinucleotide sequences that increase in number
(microsatellite instability) can cause disease. The unsta-
ble plCGG), repeat sequence is associaced with the
fragile X syndrome. Other trinucleonide repeats thae
undergo dynamic mutation {usually an increase) arc
Hﬁﬁ‘}ciarﬂl Wi.rl'l Hl.]nt'iﬂg‘t“‘n"i Ehﬂrﬂ;l {CJ"I(:}. m}'ﬂtﬂnif
dystrophy (CTG), spinobulbar muscular arrophy (CAG),
and Kennedy's disease {CAG).

ONE PERCENT OF CELLULAR DNA
IS IN MITOCHONDRIA

The majority of the peprides in mitochondria {abour
54 out of 67} are coded by nuclear genes. The rest are
coded by genes found in mitochondrial (me) DNA,
Human mitochondria contain two to ten copies of a
small circular double-stranded DINA - molecule thae
makes up approximately 1% of total cellular DNA,
This miINA codes for mt rbosomal and transfer
BMAs and for 13 proweins that play key roles in the res-
piratory chain. The lincarized structural map of the
human mitochondrial genes 15 shown in Figure 36-8,
Some of the features of meDMNA are shown in Table
36-3.

An important feature of human mitochondnal
mtDNA s that—because all mitochondria are con-
tributed by the ovum during zygote formation—it is
cransmitced by maternal nonmendelian inheritance,
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Figure 36-8. Maps of human mitochondrial genes. The maps represent the heavy (upper strand) and light
(lower map) strands of linearized mitechondrial (mt) DNA, showing the genes for the subunits of NADH-
coenzymme O oxidoreductase (ND1 through ND6), cytochrome ¢ oxidase (CO1 through CO3), cytochrome b

(CYT B), and ATP synthase (ATPase 8 and 6) and for the 125 and 165 ribosomal mt rRMAs. The transfer RMAs are de-
noted by small open boxes. The origin of heavy-strand {OH) and light-strand (OL) replication and the promoters
for the initiation of heavy-strand (PH1 and PH2) and light-strand (PL) transcription are indicated by arrows.
(Reproduced, with parmission, from Moraes CT et al: Mitochondrial DMA deletions in progressive external ophithal-
moplegia and Kearns-Sayre syndrome, W Engl | Med 198932001 293)



DNA ORGAMIZATION, REPLICATION, & REPAIR [ 323

Table 36-3. Some major features of the structure
and function of human mitochondrial DMA.

- Is circular, double-stranded, and composed of heavy (H)
and alight (L) chains or strands,
Contains 16,568 bp.
- Encodes 13 protein subunits of the respiratory chain (of a
total of about 67);
Seven subunits of NADH dehydrogenase (complex 1)
Cytochrome b of complex il
Three subunits of cytachrome oxidase (compleax IV
Two subunits of ATF synthase
- Encodes large (16s) and small (12s) m1 ribosomal RMAs.
Encodes 22 mt tRNA molecules,
Genetic code differs slightly from the standard code;
UGA (standard stop codon) is read as Trp.
AGA and AGG (standard codans for Arg) are read as stop
codans.
- Contains very few untranslated sequences.
High mutation rate {five to ten times that of nuclear DNAL
Comparisons of mtDMA sequences provide evidence about
evolutionary arigins of primates and other species.

"Adapted from Harding AE: Neurological disease and mitochon-
drial genes. Trends Meurol 5ci 199714132

Thus, in discases resulting from mutations of meilYNA,
an affected mocher would in theory pass the disease w
all of her children bur only her daughters would crans-
mit the trait. However, in some cases, deletions in
mtDNA occur during cogenesis and thus are not inher-
ited from the mather. A number of diseases have now
been shown o be due 1o murations of miDNA, These
include a varicty of myopathies, neurologic disorders,
and some cases of diaberes mellirus,

GENETIC MATERIAL CAN BE ALTERED
& REARRANGED

An alrerarion in the sequence of purine and pyrimidine
bases in 2 gene due to a change—a removal or an inser-
tion—of one or more bases may result in an altered
gene praduct. Such alteration in the genetic material re-
sults in a muration whose consequences are discussed
in detail in Chaprer 38,

Chromosomal Recombination Is One Way
of Rearranging Genetic Material

Genetic informarion can be exchanged berween similar
or homologous chromosomes. The exchange or recoms-
bination event occurs primarily during meiosis in
mammalian cells and requires alignment of homolo-
gous metaphase chromosomes, an alignment thar al-
most always occurs with grear exactness. A process of

::rmnx;:iingr OVer DCCUTS s Shown in F:gurc 36-9. This
usvially results in an equal and reciprocal exchange of
genetic information  berween  homologous  chromo-
somes, If the homologous chromosomes possess differ-
ent alleles of the same genes, the crossover may produce
naticeable and heritable genetic linkage differences, In
the rare case where the alignment of homologous chro-
maosomes 15 not exact, the crossing over or recombina-
tion event may result in an unequal exchange of infor-
mation. One chromosome may receive  less Efﬂfl:i.l’.‘
material and thus a deletion, while the other partner of
the chromosome pair receives more genetic material
and thus an insertion or duphcatlun [Figlm‘ 3691,
Unequal crossing over does occur in humans, as evi-
denced by the existence of hemoglobing designated
Lepore and and-Lepore (Figure 36-10). The farther
apart two sequences are an an individual chromosome,
the greater the hikelihood of a crossover recombination

—
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Figure 36-9. The process of crossing-over between
homologous metaphase chromosomes to genarate re-
combinant chromosomes, See also Figure 36-12,
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event, This 15 the basis for genetic mapping methods,
Unequal crossover affects tandem arrays of repeared
DMNAs whether they are relared globin genes, as in Fig-
ure 36-10, or more abundant repentive DNA. Un-
equal crossover through slippage in the pairing can re-
sult in expansion or contractien in the copy number of
the repeat family and may contribute to the expansion
and fixation of variant members throughour the array.

Chromosomal Integration Occurs
With Some Viruses

Some bacterial viruses (bacteriophages) are capable of
recombining with the DNA of a bacterial host in such a
way that the genetic information of the bacreriophage is
incorporated in a linear fashion intwo the genetic infor-
mation of the host. This integration, which is a form of
recombination, occurs by the mechanism illustrated in
Figure 36-11. The backbone of the circular bacrerio-
phage genome is broken, as is thar of the DNA mole-
cule of the host; the appropriate ends are resealed with
the proper polarity. The bacteriophage DMNA is figura-
tively straighrened our (“linearized”) as it is integraved
into the bacterial DNA molecule—frequenty a closed
circle as well. The site at which the bacteriophage
genome integrates or recombines with the bacrerial
genome is chosen by one of two mechanisms. If the
bacteriophage contains a DMNA sequence homologous
1o a sequence in the host DNA molecule, then a recom-
bination event analogous to that occurring berween ho-
mologous chromosomes can occur. However, some
bacteriophages synthesize proteins that bind specific
sites on bacterial chromosomes to a nonhomologous
site characteristic of the bacteriophage DINA molecule.
Integration occurs ar the site and is said w be “sive-
specific.”

Many animal viruses, particularly the oncogenic
viruses—either directly or, in the case of RNA viruses
such as HIV thar causes AIDS, their DNA transcripts
generated by the acton of the viral RMA-dependent

Figure 36-10. The process of unequal cross-
over in the region of the mammalian genome
that harbors the structural genes encoding he-
maglobins and the generation of the unequal
recombinant products hemoglobin delta-beta
Lepore and beta-delta anti-Lepore, The exam-
ples given show the locations of the crossover
regions between amino acid residues. (Fedrawn
and reproduced, with permission, from Clegag 18,
Weatherall DU B Thalassemia: Time for a reap
praisal? Lancet 1974,2:133)

DNA polymerase, or reverse transcriptase—can be inte-
grated into chromosomes of the mammalian cell, The
integration of the animal virus DNA into the animal
genome generally is not “site-specific” but does display
site preferences,

Transposition Can Produce
Processed Genes

In cukaryortic cells, small DNA elements that clearly are
not viruses are capable of transposing themselves in and
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Figure 36-11. The integration of a circular genome
from a virus (with genes A, B, and C) into the DNA mole-
cule of a host (with genes 1 and 2) and the consequent
ordering of the genes.
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aut of the hast gename in ways that affect the function
of neighboring DNA sequences, These mobile ele-
ments, sometimes called “jumping DNA” can carry
Hanking regions of DNA and, therefore, profoundly af-
fect evolution. As mentioned above, the Alu family of
moderately repeated DMNA sequences has structural
characteristics similar to the termini of retroviroses,
which would account for the abilicy of the latter o
maove inte and out of the mammalian genome,

Diirect evidence for the transposition of other small
DNA elements into the human genome has been pro-
vided by the discovery of “processed genes” for im-
munoglobulin molecules, @-globin molecules, and sev-
eral others. These processed genes consist of [DMA
sequences identical or nearly identical to those of the
messenger BNA for the appropriate gene product. Thar
5. the 3" nontranscribed region, the coding region
without intron rrprc.wntnr'mn, and the ¥ pn]‘_r'{ﬁl.jl tail
are all present contiguously. This particular DNA se-
quence arrangement must have resulted from the re-
verse transcription of an appropristely processed mes-
senger RNA molecule from which the intron regions
had been removed and the poly(A) il added. The only
recognized  mechanism chis reverse transcripe could
have wsed to integrate into the genome would have
|'H:|:r| a tr:t:n.l:pn.tcltinn event. In Fact, these "F]rﬂl'.l;!i:iﬂl
genes” have shore terminal repeats ar each end, as do
known transposed sequences in lower organisms. [n the
absence of their transeription and thus genenc selection
for function, many of the processed genes have been
randomly altered through evolution so thar they now
contain nonsense codons which preclude their ability
encode 3 functional, intact Pmn.'.'m [sce {:h.lpn::r 38}
Thus, they are referred to as “pseudogenes,”

Gene Conversion Produces
Rearrangements

Besides unequal crossover and rransposition, a chird
mechanism can effect rapid changes in the genetic ma-
terial. Similar sequences on homologous or nonhomol-
ogous chromosomes may occasionally pair up and elim-
inare any mismacched sequences berween them. This
may lead to the accidental fixation of one variant or an-
ather throughour a family of repeated sequences and
thereby homogenize the sequences of the members of
reperitive DNA families. This lacrer process is referred
i 45 gene conversion.

Sister Chromatids Exchange

In diploid cukaryotic organisms such as humans, after
cells progress through the 5 phase they contan a
tetraploid content of DINA. This 15 in the form of sister
chromarids of chromosome pairs. Fach of these sister

chromatids contains identical genctic information since
each is a praduct of the semiconservative replication of
the original parent DNA molecule of that chromosome.
Crossing over accurs berween these generically idencical
sister chromanids, OF course, these sister chromatid ex-
chmgr_i I:Figun.' 36—12) have no gL'm:l:':r_' CONSEQUENCE 25
long as the exchange is the resule of an equal crossover.

Immunoglobulin Genes Rearrange

In mammalian cells, some interesting gene rearrange-
ments occur normally during development and differen-
tiation, For example, in mice the ¥, and C, genes for a
single immunoglobulin molecule (see Chaprer 39) arc
widely separaced in the germ line DNA, In the DNA of a
differentiated immunoglobulin-producing (plasma) cell,
the same ¥, and C, genes have been moved physically
closer together in the genome and into the same tran-
seription unit. However, even then, this rearrangement
of DNA during differentiation daes not bring the V| and
C, genes into contguity in the DINA, Instead, the DNA
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Figure 36-12. Sister chromatid exchanges between
human chromosomes, These are detectable by Giemsa
staining of the chromosomes of cells replicated for two
cycles in the presence of bromodeoxyuridine, The ar-
rows indicate some regions of exchange, (Couresy of

5 Wolff and J Bodycote)
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congins an interspersed or interruption sequence of
about 1200 basc pairs at or near the junction of the V
and C regions, The interspersed sequence is eranseribed
into RNA along with the ¥, and C, genes, and the inger-
spersed information is removed from the RNA duning ies
nuclear processing (Chapters 37 and 39),

DMNA SYNTHESIS & REPLICATION
ARE RIGIDLY CONTROLLED

The primary function of DMNA replication is under-
stood o be the provision of progeny with the genetic
informarion possessed by the parent. Thus, the replica-
tion of DINA must be complete and carricd out in such
a way as to maintain genetic stability within the organ-
ism and the species. The process of DINA replication is
complex and invelves many cellular funcrions and scv-
cral verification procedures to cnsure fidelity in replica-
tion. About 30 proteins arc involved in the replication
of the £ eoli chromosome, and this process is almost
certainly more complex in cukarvoric organisms. The
first cnzymologic obscrvations on DMNA  replication
were made in £ colf by Kornberg, who described in char
organism the cxistence of an enzyme now called DINA
polymerase [, This enzyme has multple catalytic activi-
tics, a complex structure, and a requirement for the
triphosphares of the four deoxyribonucleosides of ade-
ninc, guanine, cyrosing, and thymine, The polymeriza-
tion reaction catalyzed by DNA polvmerase 1 of £ cali
has scrved as a prototype for all DNA polymerases of
both prokaryotes and cukaryores, even though it is now
recognized thar the major role of this polymerase is w
complete replication on the lagging strand.

In all cells, replication can occur only from a single-
srranded DNA (ssDNA) remplace, Mechanisms muse
cxist to target the sice of initdaton of replication and o
unwind the double-stranded DNA (dsDNA) in that re-
gion. The replication complex must then form. After
replicarion is complete in an arca, the parent and daughrer
strands must re-form dsDNA, In cukaryodic cells, an ad-
ditional step must occur. The dsDNA must precisely re-
form the chromatin structure, including nucleosomes,
thar cxisted prior to the onser of replication. Alchough this
cntire process is not well understwod in cukaryoric cells,
replication has been quite preciscly described in prokary-
oric cells, and the gencral principles are thought to be the
same in both. The major steps are listed in Table 364, il-
lustrared in Figure 36-13, and discussed, in soquence,
below, A number of protcins, most with speafic cnzy-
matic action, arc involved in this process (Table 36-5).

The Origin of Replication

Ar the origin of replication {ori), there is an associa-
tion of sequence-specific dsDMNA-binding proteins with

Table 36-4. Steps involved in DNA replication
in eukaryotes.

1. Identification of the origins of replication.

2. Unwinding {denaturation) of dsDMNA to provide an ssDMA
template.

3. Formation of the replication fork.

4. Initlation of DA synthesis and elongation.

5. Formation of replication bubbles with ligation of the newly
synthesized DNA segments.

6. Recanstitution af chromatin structure,

a series of direct repear DINA sequences. In bacrerio-
phage A, the orid is Euund by the A-encoded O procein
to four adjacent sites. In E cali, the oriC is bound by
the protein dnad. In both cases, a complex is formed
consisting of 150-250 bp of DNA and multimers of
the DNA-binding protein. This leads to the local de-
naturation and unwinding of an adjacent A+ T-rich re-
gion of DNA. Functionally similar autonomously
replicating sequences (ARS) have been identified in
yeast cells. The ARS contains a somewhar degenerate
| 1-bp sequence called the origin replication element
{ORE). The ORE binds a set of proteins, analogous to
the dnad protein of E cafi, whicE is collecrively called
the origin recognition complex (ORC). The ORE is
located adjacent to an approximarely 80-bp A+T-rich
sequence that is easy to unwind. This is called the DNA
unwinding element (DUE). The DUE is the origin of
replication in yeast.

Consensus sequences similar to ori or ARS in struc-
ture or funcrion have not been precisely defined in
mammalian cells, though several of the proteins that
participate in ori recognition and funcrion have been
idenrified and appear quite similar to their yeast coun-
terparts in both amino acid sequence and function.

Unwinding of DNA

The interaction of proteins with ori defines che start site
of replication and provides a shorr region of ssDINA es-
sential for initation of synthesis of the nascent DINA
strand. This process reau'tres the formation of a number
of protein-protein and protein-DMNA interactions. A
criical step is provided by a DINA helicase thar allows
for processive unwinding of DNA. In uninfected E cali,
this function is provided by a complex of dnaB helicase
and the dnaC protein. Single-stranded DNA-binding
proteins (S5Bs) stabilize this complex. Tn A phage-
infected E cofi, the phage protein P binds to dnaB and
the P/dnaB complex binds to orik by interacting with
the O protein. dnaB is not an active helicase when in the
PldnaB/O complex. Three F cali hear shock proceins
(dnak, dna], and GrpE) cooperate o remove the
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Steps involved in DNA replication. This figure describes DMNA replication in an £ coli cell, but the

general steps are similar in eukaryotes, A specific interaction of a protein (the O protein) to the origin of replication
{ori) results in local unwinding of DMA at an adjacent A+T-rich region. The DMNA in this area is maintained in the
single-strand conformation (3sDNA) by single-strand-binding proteins (55Bs). This allows a variety of proteins, includ-
ing helicase, primase, and DNA polymerase, to bind and to initiate DNA synthesis. The replication fork proceeds as
DMA synthesis occurs continuously (long arrow) on the leading strand and discontinuously (short arrows) on the lag-
ging strand. The nascent DMNA is always synthesized in the 5 to 37 direction, as DMNA polymerases can add a nucleotide

only to the 3" end of a DNA strand.

pratein and activate the dnaB helicase. In cooperation
with 35B, this leads o DNA unwinding and active
replication, In dhis way, the replication of the ' phage is
accomplished at the expense of replication of the host
E coli cell.

Formation of the Replication Fork

A replication fork consists of four components that
form in the following sequences (1) the DINA helicase
unwinds a shore segment of the parental duplex DINA;

(2} a primase initiates synthesis of an RNA molecule
that 15 essential for priming DNA synchesis; (3) the
DNA polymerase initiates nascent, daughter strand
synthesis; and (4) 55Bs bind o ssDNA and prevent
premature reanncaling of ssDINA to dsDINA. These re-
actions arc illuserated in Figure 36-13,

The polymerase 1 holocnzyme (the draf gene
praduct in £ celi) binds to template DNA as part of a
multiprotcin complex that consists of several polym-
erase accessory factors ([, . & &, and 1). DNA polym-
erases only synthesize DNA in the 57 w 3 dirccrion,
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Table 36-5. Classes of proteins involved
in replication.

Protein Function
DMA polymerases Deoxynucleotide polymerization
Helicases | Processive unwindingof DNA
Topoisomerases | Relieve torsional strain that results
_____________________ e DeeAs WUNOC I URWIROD G
DMA primase Initiates synthesis of RNA primers

Single-strand binding | Prevent premature reannealing of
proteins dsDMA

DA ligase Seals the single strand nick between
the nascent chain and Okazaki frag-
fments on lagging strand

and only one of the several different types of polym-
erases is involved ar the replication fork. Because the
[¥NA strands arc antiparallel {Chaprer 33), the polym-
crase functions asymmetrically, On the leading (for-
ward) strand, the DNA is synthesized continuously,
On the lagging (retrograde) strand, the DNA is syn-
thesized in short (1-5 kb see Figure 36-16) fragments,
the so-called Okazaki fragments, Several Okazaki frag-
ments (up to 250) must be synthesized, in sequence, For
each replication fork, To ensure that this happens, the
helicase acts on the lagging strand o unwind dsDINA in
a 5" to 3" direction. The helicase associares with the pri-
mase to afford the latter proper access to the template,
This allows the RNA primer to be made and, in wrn,
the polymerase to begin replicating the DNA. This is
an important reaction sequence since DNA poly-
merases cannot initiate DNA synthesis de novo. The
mabile complex between helicase and primase has been
called a primosome. As the synchesis of an Okazaki
fragment is completed and the polymerase is released, a
new primer has been synthesized, The same polymerase
molecule remains associated with the replication fork
and proceeds to synthesize the next Okazaki fragment,

The DNA Polymerase Complex

A number of different DINA polymerase malecules en-
gage in DINA replicanion, These share three important
properties; (1) chain elongation, (2) processivity, and
(3) proofreading. Chain clongation accounts for the
rate (in nucleotides per second) at which polymeriza-
tion occurs, Processivity is an expression of the number
of nucleotides added 1o the nascent chain before the
polymerase disengages from the remplate. The proof-
reading funcrion identifies copying errors and correces
them. In £ colf, polymerase 1 (pol HT) functions at the

rﬂplifﬂ.rlﬁﬂn rﬂll'[.. L‘JF JI] Pﬁ?l}rmﬂrﬁ.\ﬂs. it :uta|}'?.:..‘:5 tl'l.l:
highest rate of chain clongation and is the most proces-
sive. It is capable of polymerizing 0.5 Mb of DNA dur-
ing onc cycle on the leading strand. Pol 111 is a large
{= 1 M), ten-subunit protein r.'nrnplm: in £ colt, The
|54 Ildl.'rlril:ﬁ] ﬁ Huhuﬂif\ r.l'F I'.HTI II[ cnci.lf]f rh{' I.-}Nu'&l.
template 1n a sliding “damp,” which accounts for the
stability of the complex and for the high degree of pro-
cessivity the enzyme exhibits,

Palymerase 11 (pol 11} is mostly invalved in proof-
reading and DNA repair. Polymerase 1 (pol 1) com-
pletes chain synthesis berween Okazaki fragments on
the lagging strand. Eukaryotic cells have counterparts
Fﬂr ﬂﬂch []'I'- I.'ht‘ﬂ.' {:l‘l?.'!.-'rm:-.i PII]S SO ﬂd.d i."lﬂ'nal ONes. u'&l.
comparisan is shawn in Table 36-6.

In mammalian cells, the polymerase is capable of
polymerizing about 100 nucleotides per second, a rate
at least tenfold slower than the rate of polymerization of
deoxynucleotides by the bacterial DNA polymerase
complex. This reduced rate may resule from interfer-
ence by nucleosomes. I s not known how the replica-
tian complex negotiates nucleosames,

Initiation & Elongation of DNA Synthesis

The initiation of DNA synthesis (Figure 36-14) re-
quires priming by a short length of RNA, about
10200 nucleotides ]nng. Thus priming process volves
the nuclenphilic attack by the 3'-hydroxyl group of the
ENA primer on the & phosphate of the frse encering
deoxynucleoside triphosphate (N in Figure 30-14)
with the .up]in'ing off of pyrﬁphnsphatc. The f—h}r-
droxyl group of the recently amached deoxyribonu-
cleoside monophosphate is then free to carry our a
nucleophilic attack on the next entering deoxyribonu-
cleoside triphosphate (N + 1 in Figure 36—-14), again at
its & phosphate moiety, with the splitting off of py-
rophosphare. OF course, selection of the proper de-
oxyribonucleotide whose terminal 3-hydroxyl group is
to be actacked is dependent upon proper base pairing

Table 36-6. A comparison of prokaryotic and
eukaryotic DMNA polymerases,

Ecoli | Mammalian | Function

I o | Gap filling and synthesis of lagging
i strand

' CNA procfreading and repair

i DNA repair

' Mitochondrial DMA synthesis

B =2 (B2 M

i Processive, leading strand synthesis




Figure 36-14. Theinitiation of DNA synthesis upen a primer of RNA and the sub-
sequent attachment of the second deoxyribonucleoside triphosphate.

319
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with the other strand of the DNA molecule according
to the rules proposed originally by Watson and Crick
(Figure 36-15). When an adenime deoxyribonuclenside
monophosphoryl moiety is in the emplate position, a
thymidine tnphosphate will enter and its @ phosphace
will be attacked by the 3“-hydroxyl group of the
deoxyribonuclenside  monophospharyl most recendy
added to the polymer. By this stepwise process, the
template dictates which deoxyribonudeoside triphos-
phate is complementary and by hydrogen bonding
holds it in place while the 3"-hydroxyl group of the
growing strand attacks and incorporates the new nu-
cleotide into the polymer, These segments of DNA
attached to an ENA ininator component are the
Okazaki fragments (Figure 36-16). In mammals, after
many Okazaki fragments are generated, che replication
complex begins to remove the RNA primers, tw fll in
the gaps leh by their removal with the proper base-
paired deoxynucleatide, and then to seal the fragmenes

RNA primer

Growing DNA polymer

Entering TTP

of newly synthesized DNA by enzymes referred o as

DNA ligases.

Replication Exhibits Polarity

As has already been noted, DNA molecules are double-
stranded and the two strands are ancparallel, ie, run-
ning in opposite directions, The replication of DNA in
prokaryotes and cukaryotes occurs on both strands si-
ml.]l.‘ﬂnr_'l:_]u'ﬁl]r'. H{“‘u’f‘l’ﬂrr an cnf}rmf I::]T"Ihlf []f Fﬂ'}r-
merizing DNA in the 3" to 5" direction does not exist in
any organism, so that both of the newly replicated
DNA strands cannot grow in the same direction simul-
tancously. Nevertheless, the same enzyme does replicare
both strands at the same time. The single enzyme repli-
cates one strand (Mleading serand”) inoa continuous
manner in the 5" w 3" direction, with the same overall
forward direction. [t replicates the other strand {*lag-
ging strand”) discontinuously while polymerizing the

Figure 36-15. The RNA-primed synthesis of DNA demonstrating the template function of the

complementary strand of parental DA,



DNA ORGAMIZATION, REPLICATION, & REPAIR [ 331
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Figure 36-16. The discontinuous polymerization of deoxyribenuclectides on the lagging
strand; formation of Okazaki fragments during lagging strand DNA synthesis is illustrated.
Okazaki fragments are 100-250 nt long In eukaryotes, 1000-2000 bp In prokaryotes,

nucleotides in short spurts of 150-250 nucleotides,
again in the 5" o 3" direction, bur ar the same time it
faces toward the back end of the preceding RNA
primer rather than toward the unreplicared porcion.
This process of semidiscontinuous DNA synthesis is
shown diagrammarically in Figures 36—13 and 36-16,
In the mammalian nuclear genome, most of the
BMNA primers are evenrually removed as pare of the
replication process, whereas after replicarion of the mi-
tochondrial genome the small piece of RINA remains as
an integral part of the closed circular DNA structure.

Formation of Replication Bubbles

Replication proceeds from a single on in the circular
bacterial chromosome, compaosed of roughly 6 % 10° bp
of DINA. This process is complered in about 30 min-
utes, a replicagion rate of 3 % 107 bp/min, The entire
mammalian genome replicates 0 approximarcly 9
hours, the average period required for formation of a
tetraplotd genome from a diploid genome in a replicar-
ing cell. If 2 mammalian genome (3 % 10" bp) repli-
cated at the same rate as bactena (ie, 3 % 107 bp/min}
from but a single ani, replication would take over 150

“Aeplication bubbla”

hours! Metazoan organisms ger around this problem
using two straregies. First, replication is bidirectional.
Second, replication proceeds from multiple origins in
each chromosome (a rotal of as many as 100 in hu-
mans), Thus, replicadon occurs in both directions
along all of the chromosomes, and both strands are
replicated simultaneously. This replicarion process gen-
erates “replication bubbles” (Figure 36-17).

The multple sites thar serve as onigins for DNA
replication in eukaryotes are poorly defined excepr in a
few animal viruses and in veast. However, it is clear thart
initiation is regulared both spatally and temporally,
since cluscers of adjacent sites initiare replication syn-
chronously. There are suggestions that functional do-
mains of chromarin replicate as intact units, implying
thar the origins of replication are specifically locared
with respect to transcriprion unirs,

During the replication of DNA, there must be a sep-
aration of the two smands o allow each 1o serve as a
templare by hydrogen bonding its nucleoride bases w
the incoming deoxynucleoside criphosphare, The separa-
tion of the DNA double helix is promored by 55Bs, spe-
cific protein molecules thar stabilize the single-stranded
structure as the replicarion fork progresses. These stabi-

L Unwinding proteins
at replication forks

Origin of replication
&
»— -

Direclions

of repiication

Figure 36-17. The generation of “replication bubbles” during the process of DNA synthesis, The bidirectional
replication and the proposed positions of unwinding proteins at the replication forks are depicted,
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lizing proteins bind cooperatively and stoichiometrically
to the single strands without interfering with the abili-
tics of the nucleotides to serve as templates (Figure
36-13). In addition to separating the two strands of the
double helix, there must be an unwinding of the mole-
cule {(once every 10 nucleotide paiis} to allow strand sep-
aration, This must happen in segments, given the time
dun'ng which DNA r:p]icatinn oceurs. There are mult-
ple “swivels™ interspersed in the DNA molecules of all
organisms, The swivel function is provided by specific
enzymes that introduce “nicks™ in one strand of the
unwinding double helix, thereby allowing the unwind-
ing process to proceed. The nicks are quickly rescaled

Step 1

DMA topoisomerase | = E

Step 2

Step 3 E

Mick repalred

|IENNENENEEN

Enzyme (E} -generated
ginpgla-strand nick

Formaton of high-
energy bond

withour requiring energy input, because of the forma-
ti::ln nr H | hiE‘h-l:'rl.L'rg}' I:U"r-ﬂ.il'.'nr I,'l{“'l{l ht.'t‘l.l."i,‘cn l'hc' ni:l:l{cd.
phosphodiester backbone and the nicking-sealing en-
gyme, The nicking-resealing enrymes are called DNA
tnpnisum:rasﬂ. This process is depicted diagrammati-
r_:ﬂ]v n Flgu re 36—-18 and there cnmpnrﬁ.‘f with the
AT F—tlcpendl:nt resealing carred out by the DNA li-
gases. Topoisomerases are also capable of unwinding su-
percoiled DNA, Hupcr:m]ul DNA is a higher-ordered
strucoure EICEI.I:ITll'IE |]'|. Cl":l.ll:lr D\J q. mﬂll’.‘l’_ulﬂ‘u mPPﬂ.‘ll
around a core, as depicted in Figure 36-19,

There exists in one specics of animal viruses (retro-
viruses) a class of enzymes capable of synthesizing a sin-

DMA ligase =E

E+ATP = E—F—R—®

(AMP-Enzyma)

Single-strand nick
presen|

[TTTTJ LTI
S

(AMP)

Mick repalred

Figure 36-18. Comparison of two types of nick-sealing reactions on DNA. The
series of reactions at left is catalyzed by DMA topoisomerase |, that at right by
DMA ligase; P = phosphate, R = ribose, A = ademine. (Sliahtly modified and repro-
duced, with permission, from Lehninger AL Biochemistry, 2nd ed Warth, 1975)
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Figure 36-19, Supercoiling of DNA. A left-handed
toroidal (solenoidal) supercoil, at left, will convert to a
nght-handed interwound supercaoil, at right, when the
cylindric core is removed. Such a transition is analogous
to that which occurs when nuclecsomes are disrupted
by the high salt extraction of histones from chromatin,

gle-stranded and then a double-stranded DNA - mole-
cule from a single-stranded RNA remplare. This poly-
merase, RNA-dependent DNA polymerase, or “reverse
h‘ahscri]}tul:," first s;.rnt]'u:si'.u:-.' a DNA-RNA ]'I.:I."hl'i-l.i
molecule urilizing the RNA genome as a templare, A
specific nuclease, ENase H, degrades the RNA strand,
and the remaining DNA strand in turn serves as a tem-
Flatc fos ﬁ]rm : | dnuhh:—:itmm:[td DNJ"!. mnl:l:u]: Co-
taining the information originally present in the RNA
genome of the animal virus.

Reconstitution of Chromatin Structure

There is evidence thar nuclear organization and chro-
marin structure are involved in d:r:rmining the regu-
lation and inittation of DMNA svnthesis. As noted
above, the rate of polymerization in eukaryoric cells,
which have chromatin and nucleosomes, is tenfold
slower than that in prokaryotic cells, which have
naked DMNAL Tr 15 also clear that chromatin strucoure
must be re-formed after replication. Newly replicated
DMNA is rapidly assembled into nucleosomes, and the

preexisting and newly assembled histone octamers are
randomly distributed to cach arm of the replication

fork.

DNA Synthesis Occurs During
the 5 Phase of the Cell Cycle

In animal cells, including human cells, the replication
of the DNA genome occurs only at a specified time
during the life span of the cell. This period is referred to
as the synthetic or § phase. This is usually temporally
separated from the mitotic phase by nonsynchetic peri-
ods referred to as gap 1 (G1) and gap 2 (G2), occurring
before and after the S phase, respectively (Figure
36-20). Among aother things, the cell prepares for DNA
synthesis in G1 and for mitosts in G2. The cell regu-
lates its DNA synthesis grossly by allowing it to occur
only at specific times and mostly in cells preparing o
divide by a mitotic process,

[t appears that all eukaryotic cells have gene prod-
ucts that govern the transition from one phase of the
cell eyele to another. The eydins arc a family of pro-
teins whose concentration  increases  and  decreases
throughout the cell cycle—rthus their name. The cyclins
turn on, at the appropriate nme, different cyclin-
dependent protein kinases (CDKs) that phosphory-
late substrates essential for progression through the cell
cycle (Figure 36-21). For example, cyclin [ levels rise
in late G phase and allow progression beyond the start
(yeast) or restriction point {mammals), the point be-
vond which cells irrevocably proceed into the 5 or
DMNA synthesis phase.

The D cyclins activate CDK4 and CDKG, These
two I':'inﬂ.ﬂﬂq arc ﬂlﬁﬂ \}'nthnﬁi?ﬂ"d dllr'lrlg {.“:] i.rl. EI.:I]S Lun-
dergoing active division. The I3 cyclins and CDE4 and
CDKb are nuclear proteins thar assemble as a complex
in late G1 phase, The complex is an active serine-
threonine protein kinase. One substrate for this kinase
is the retinoblastoma (Rb) protein. Rb is a cell cycle
regulator because it binds ro and inactivates a transcrip-
tion factor (E2F) necessary for the transcription of cor-
tain genes (histone genes, DNA replication proteins,
ewc) needed for progression from G1 w5 phase. The
phospharylation of Rb by CDE4 or CDEG results in
the release of E2F from Rb-mediated transcription re-
pression—thus, gene activation ensues and ol cycle
progression takes place,

Other cvcling and CDKs are involved in different
aspects of cell cycle progression (Table 36-7). Cyclin E
and CDK2 form a complex in late G1, Cyclin E is
rapidly degraded, and the released CDR2 then forms a
complex with cyclin A, This sequence is necessary for
the imitiation of DNA .\}rnth:sis in S phas«r:. A Eﬂrl'lp]l..'!(
between cyclin B and CDKI is rate-limiting for the
G2/M transition in cukaryoric cells,
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Impropar spindle
datactad

A

Figure 36-20. Mammalian cell cycle and cell
cycle checkpoints. DMA, chromosome, and chro-
mosome segregation integrity is continuously
monitored throughout the cell cycle. If DNA dam-
age is detected in either the G1 or the G2 phase of
the cell cycle, if the genome is incompletely repli-
cated, or if normal chromosome segregation ma-

D“Q;“.ﬂegm chinery is incomplete (ie, a defective spindle), cells
will not progress through the phase of the cycle in
Incomplete which defects are detected. In some cases, if the
replication damage cannot be repaired, such cells undergo
detected programmed cell death (apoptosis),

Many of the cancer-causing viruses {oncoviruses)
and cancer-inducing genes {oncogenes) are capable of
alleviating or disrupting the apparent restriction thar
normally controls the entry of mammalian cells from
Gl into the 5 phase. From the foregoing, onc might
have surmised that excessive production of a cyclin—or
production at an inappropriate time—might resule in
abnormal or unrestrained cell division. In this context it
i5 noteworthy that the &/ oncogene associated with B
cell lymphoma appears ta be the cyclin D1 gene. Simi-
larly, the oncoproteins {or transforming proteins) pro-

Cdk1-gyclin B
Cak1-cyclin A

Restriction
point

Codk2-cyclin A

Cdk2-cyelin E

duced by several DNA viruses target the Rb cranscrip-
tion repressor for inactivation, inducing ccll division in-
appropriartely.

Dwring the 5 phase, mammalian cells conrain
greater quantities of DMNA polymerase than during the
nonsynthetic phases of the cell cycle. Furthermore,
those enzvmes responsible for formation of the sub-
strates for DINA - synthesis—ie, deoxyribonucleoside
triphosphates—are also increased in activity, and their
activity will diminish following the synthetic phase
until the reappearance of the signal for renewed DNA

Calkd-cyelin D
CdkE-cyclin O

Figure 36-21, Schematicillustration of the
points during the mammalian cell cycle during
which the indicated cyelins and cyclin-dependent
kinases are activated. The thickness of the various
colored lines is indicative of the extent of activity.
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Table 36-7. Cyclins and cyclin-dependent kinases
invalved in cell cycle progression,

Cyclin | Kinase Function
D CDKA4, CDKS | Progression past restriction point at
G1/5 boundary
EA CDK2 Initiation of DMA synthesis in aarly 5
phase
B CDK1 Transition from G2 to M

synthesis,. During the 5 phase, the nuclear DNA &5
completely replicated once and only once. Tt seems
that ance chromatin has been replicaced, it is marked so
as to prevent its further replication undl it again passes
through mitosis. The molecular mechanisms for this
phenomenon have yet to be elucidared.

In general, a given pair of chromosomes will repli-
cate slmulmnr:nusl}-' an:l wlthln a ﬁx:d ]'::Jrri::n of t]'u: S
phase upon every replication. On a chromosome, clus-
ters of replication units replicate coordinately. The na-
ture of the signals that regulate DINA synthesis at these
levels is unknown, but the regulation does appear to be
an intrinsic property of each individual chromosome.

Enzymes Repair Damaged DNA

The maintenance of the integrity of the information in
DMNA molecules is of wtmost importance to the survival
of a particular organism as well as o survival of the
species. Thus, it can be concluded thar surviving species
have evolved mechanisms for repairing DINA damage
occurring as a tesule of either replication errors or envi-
ronmental insulis.

As described in Chaprer 35, the major responsibilicy
for the fidelity of replication resides in the specific pair-
ing of nucleotide bases. Proper pairing is dependent
upon the presence of the favored rtautomers of the
purine and pyrimidine nucleotides, bue the equilibrium
whereby one tautomer is more stable than another is
only aboue 10° or 107 in favor of that with the greater
stability. Although this is not favorable enough 1o en-
sute the high fidelity that is necessary, favoring of the
preferred tautomers—and thus of the proper base pair-
mg—muld be ensured by monitoring the base pairing
twice. Such double manitoring dees appear to occur in
both bacterial and mammalian systems: once at the
time of insertion of the deoxyribonucleoside tiphos-
phates, and later by a follow-up energy-requiring mech-
anism that removes all improper bases which may occur
in the newly formed strand. This "proofreading” pre-
vents tautomer-induced misincorporation from oceur-

ring more frequently than once every 10°-10" hase
pairs of DNA synthesized, The mechanisms responsible
for this mnnitnri:nE mechanism in F caff include the 3°
to 5" exonuclease activities of one of the subunits of the
pol IIT complex and of the pol T molecule. The analo-
gous mammalian enzymes (& and o) do not seem o
possess such a nuclease proofreading function. Other
enzymes provide this repair funcrion,

Replication errors, even with a very efficient repair
system, lead to the accumulation of mutations. A
human has 10" nucleated cells each with 3 % 10" base
pairs of DNA, Tf about 10'% gell divisions oecur in a
lifetime and 107" mu:.mnm per base pair per cell gen-
eration escape repair, there may eventually be as many
as one mueatnon per 107 hp in the genome, Fortun .'il‘l:I}"..
mast of these will probably occur in [NA thar does not
encode proteins or will nor affece the funcoon of en-
coded proteins and so are of no consequence, In addi-
tion, spontaneous and chemically induced damage to
DNA must be repaired.

Damage w DNA by environmental, physical, and
chemical agents may be classified into four types
{Table 36-8). Abnormal Tl:Ei.l.'!I‘hﬁ of DNA, ather from
copying errors or DINA damage, are replaced by four
mechanisms: (1) mismarch repair, (2) base excision-
n:palr. (3} nucleonde :xci::iinn-rtpalr, and (4) double-
strand break n::]'::rir (Table 36—9). These mechanisms
exploit the redundancy of information inherent in the
double helical DNA structure, The defective region in
one strand can be returned to its onginal form by rely-
ing on r|'||.' r.'nmp]:rn:nfar].r infnrrn.'l.tinn stnr:d m the
unaffected strand.

Table 36-8. Types of damage to DNA.

I Single-base alteration
A, Depurination
B. Deamination of cytosine to uracil
. Deamination of adening to hypoxanthine
D. Alkylation of base
E. Inserticn or deletion of nucletide
F. Base-analog incorporation
Il. Two-base alteration
A UV ight=induced thymine-thymine (pyrimidine} dimer
B. Bifunctional alkylating agent cross-linkage
lll. Chain breaks
& lonizing radiation
B. Radioactive disintegration of backbone element
C. Oxidative free radical formation
IV, Cross-linkage
A, Between bases in same or opposite strands
B. Between DNA and protein melecules (eg, histones)
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Table 36-9. Mechanism of DNA repair

Mechanism Problem Solution
Mismnatch Copying errors [single | Methyl-directed
repair hase or two- ta five- strand cutting, exo-
base unpaired loops) | nuclease digestion,
and replacement
Base Spontaneous, chem- | Base removal by N-
exclsian- ical, o radiation dam- | alvcosylase, abasic
rEpair age to a single base sugar remaval, re-
placement
Nucleotide Spontaneous, chem- | Removal of an ap-
excision- lcal, or radiation dam- 1 proximately 30-
repair age to a DWA segment | nucleotide oligomer
and replacement
Double- lonizing radiation, Synapsis, unwind-
strand chemotherapy, ing, allgnment,
break repair | ouidative free ligation
radicals

Mismatch Repair

Mismatch repair corrects errors made when DNA s
copied. For example, a2 C could be inserted opposite an
A, or the polymerase could slip or stutter and insert two
to five extra unpaired bases. Specific prowing scan the
newly synthesized DNA, using adenine methylation
within a GATC sequence as the point of reference (Fig-
ure 36-22). The template strand is methylated, and the
newly synthesized strand s not. This difference allows
the repair enzymes to identify the strand that contains
the errant nucleotide which requires replacement. If a
mismatch or small loop is found, a GATC endonucle-
ase curs the strand bearing the mutation ar a site corre-
sponding o the GATC. An exonuclease then digests
this strand from the GATC through the mutation, thus
removing the faulty DNA, This can oceur from either
end if the defect is bracketed by two GATC sires. This
defect is then filled in by normal cellular enzymes ac-
cording o base pairing rules. In F cofi, three proteins
(Mur 5, Mur C, and Mur H) are r:t[uin:d for recogni-
tion of the mutation and nicking of the strand. Ocher
cellular enzymes, including ligase, polymerase. and
SSE#, remove ;m:] n:p]:u_':: the strand, The E:r{:c:n 5
somewhar more complicated in mammalian cells, as
abour six proteing are involved in the First steps.

Faulty mismarch repair has been linked 10 heredi-
rary nu::pn]}'!.mxix colon cancer {HNPCC].. one of the
most commaon inherited cancers. Genetic studies linked
HNPCC in some families o a region of chromosome
2 The gene located, d:s':[;n.ntl:rj BMEH2 was sub-
:i::tlu::hl.iy shtr\#n to encode t|.1:: human :Ln::lug nil the

CH;

SINGLE-SITE STRAND CUT
BY GATC EMDONUCLEASE

CH; CH,
I I 5!

DEFECT REMOVED
BY EXONUGLEASE
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DEFECT REPAIRED
BY POLYMERASE

CH CH,
| 1

RELIGATED
EY LIGASE

CH,
o 1 1 &

Figure 36-22. Mismatch repair of DNA, This mecha-
nisrn corrects a single mismatch base pair (eg, Cto A
rather than T to A) or a short region of unpaired DMA.
The defective region is recognized by an endonuclease
that makes a single-strand cut at an adjacent methy-
lated GATC sequence. The DMA strand is removed
through the mutation, replaced, and religated.

E coli MutS protein that is involved in mismatch repair
{see above), Mutations of AMSH2 account for 50-60%
of HNPCC cases. Another gene, AMLHT, is associated
with most of the other cases. AMIHT is the human ana-
log of the bacterial mismatch repair gene Muel. How
does faulty mismarch repair result in colon cancer? The
human genes wete localized because microsatellite in-
stabilicy was detected. That is, the cancer cells had a mi-
crosatellite of a length different from that found in the
normal cells of the individual. Tr appears that the af
fected cells, which harbor a mutared AMSHZ or
ML mismatch repair enzyme, are unable tw remove
small loops of unpaired DNA, and the microsatellite
thus increases in size. Ultimarely, microsatellite DINA
expansion must affect either the expression or the func-
tion of a protein critical in surveillance of the cell cycle
in these colon cells.



DNA ORGAMIZATION, REPLICATION, & REPAIR [ 337

Base Excision-Repair

The depurination of DNA, which happens sponta-
neously owing to the thermal lability of the purine N-
ghvecosidic bond, ocours ar a rate of 3000-10,000/cell/d
ar 37 "C, Specific enzymes recognize a depurninated site
and replace the appropriate purine directly, without in-
terruprion of the phosphodiester backbone,

Cyrosine, adenine, and guanine bases in DNA spon-
tancowsly form uracil, hypoxanthine, or xanthine, re-
spectively. Since none of these normally exise in DNA,
it is not surprising thar specific N-glycosylases can rec-
ognize these abnormal bases and remove the base iself
from the DMNA. This removal marks the site of the de-
fect and allows an apurinic or apyrimidinic endonu-
clease o excise the abasic sugar, The proper base 5
then replaced by a repair DINA polymerase, and a ligase
returns the DNA o it onginal state (Figure 3623},
This series of events is called base excision-repair. By a
similar series of steps involving imitally the recogninon
of the defect, alkylared bases and base analogs can be re-
moved from DNA and the DNA returned to its origi-
nal informarional content. This mechanism is suitable
for replacement of a single base bur is nor effective ar
replacing regions of damaged DINA,

Nucleotide Excision-Repair

This mechanism is used to replace regions of damaged
DMNA up o 30 bases in length, Common examples of
DMA damage include uleravioler (UV) hghe, which in-
duces the formation of cyclobutane pynmidine-pyrimi-
dine dimers, and smoking, which causcs formarion of
benzo[alpyrene-guanine  adducts, Tomizing  radianon,
cancer chemocherapeutic agenes, and a vanety of chemi-
cals found in the environment cause base modification,
strand breaks, cross-linkage between bases on apposite
strands or beoween DNA and protein, and numerous
other defects. These are repaired by a process called nu-
cleotide excision-repair (Figure 36-24). This complex
process, which involves more gene produces than the owo
other types of repair, essenaally involves the hydrolyss of
two phosphodiester bonds on the sorand contaiming che
defect. A special excision nuclease {exinuclease), consist-
ing of at least three subunies in £ ool and 16 polypep-
tdes in humans, accomplishes this task, In cukarvonc
cells the enzymes cut between the third to fifth phospho-
diester bond 3 from the lesion, and on the 5" side the cur
15 somewhere berween the rwenry-first and ewenry-fifth
bonds. Thus, a fragment of DNA 27-29 nucleotides
long is excised. After the strand is removed it 15 replaced,
again by exact base pairing, chrough the action of yet an-
other polymerase (8/8 m humans), and the ends are
joined to the exisung scrands by DNA ligase.

Xeroderma pigmentosum (XP) 15 an aurosomal re-
cessive genetic discase. The clinical syndrome includes
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Figure 36-23. Base excision-repair of DNA. The en-
zyme uracil DNA glycosylase removes the uracil created
by spontaneous deamination of cytosine in the DNA, An
endonuclease cuts the backbone near the defect; then,
after an endonuclease removes a few bases, the defect
is filled in by the action of a repair polymerase and the
strand is rejoined by a ligase. (Courtesy of B Alberts )
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marked sensitivity to sunlight {(uleraviolet) with subse-
ql,lcnt Ff'.lrn'lﬂtllnﬂ QF m“lflr}lf Qki.rl Cancers ﬂnd Frfmﬂ-
ture death, The risk of developing skin cancer s in-
creased 1000- to 2000-fold. The inherited defect scems
to involve the repair of damaged DNA, particularly
thymine dimers, Cells cultured from patients with xero-
derma pigmentosum exhibit low actvity for the nu-
‘:]fﬂtll,l.l: cxcisiﬂn—fﬂpﬂ.lﬂ' Fful:ﬁ“. St\r[‘:n mmplﬂmﬂnnl-
tion groups have been identified using hybrid ol
analyses, so at least seven pene products (XPA-XPG)
are involved, Two of these (XPA and XPPC) are in-
volved in r:cugnitinn and excision, XPB and XPD are
helicases and, interestingly, arc subunits of the tran-

seription factor TFITH (see Chapter 37).

Double-5trand Break Repair

The repair of double-strand breaks is part of the physio-
logic process of immunoglobulin gene rearrangement. Tt
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Figure 36-24. MNucleotide excision-repair. This
mechanism is employed to correct larger defects in
DA and generally involves more prateins than either
mismatch or base excision-repair. After defect recogni-
tion (indicated by XXXX) and unwinding of the DNA en-
compassing tha defact, an excision nuclease {exinucle-
ase} cuts the DMA upstream and downstream of the
defective region. This gap is then filled in by a poly-
merase [6/e in humans) and religated.

i5 alsa an important mechanism for repairing damaged
DINA, such as occurs as a resule of jonizing radiation or
oxidative free radical generation. Some chemotherapeu-
tic agents destroy cells by causing ds breaks or prevent-
ih.g their rrF:Lir.

Two proteins are initally involved in the nonho-
mologous rejoining of a ds break. Ku, a heterodimer of
T0 kD and 86 kDa subunits, binds to free DNA ends
und ha.i [atent ﬁ.T]-'-d:p:rld:nt helicase ucti'.'ir}'. Tl'H':
DMNA-bound Ku heterodimer recruits a unique procein
kinase. DNA-dependent protein kinase (DNA-PK).
DNA-PK has a binding site for DNA free ends and an-
other for dsDNA just inside these ends. It therefore al-
lows for the approximation of the two separated ends,
The free end DN A-Ku-DNA-PK complex activates the
kinase activity in the latter. DNA-P'K reciprocally phos-
Fh::r}hrr_a Ku and the ather DNA-FK. molecule, on the
opposing strand, in trans, DNA-PK then dissociares
from the DMNA and Ku, resulting in activation of the
Ku helicase. This results in unwinding of the two ends.
The unwound, approximated DNA forms base pairs;
the exrra nucleotide tils are removed by an exonucle-

ases and the gAps are filled and closed b}r [DNA |ig'as-r.

This rr_']'r:lir mechanism s illustraced in Figur: 3625,

Some Repair Enzymes Are Multifunctional

Somewhat surprising is the recent observation that
DNA repair proteins can serve other purposes. For ex-
ample, some repair enzymes arc also found as compo-
nents of the large T FIIH complex that plays a central
role in gene transcription (Chaprer 37). Another com-
ponent of TFITH is involved in cell cycle regulation.
Thus, three crinical cellular processes may be linked
through use of common proteins, There 15 also good
evidence that some repair enzymes are involved in gene
rearrangements that occur normally,

In paticnts with ataxia-telangicctasia, an autosomal
recessive disease in humans resulting in the development
of cerebellar atawia and lymphoreticular neoplasms,
there appears to exist an increased sensitiviey to damage
by x-ray. Paticnts with Fanconi’s anemia, an autosomal
recessive anemia characterized also by an increased fre-
guency of cancer and by chromosomal instability, prob-
:||,'|'|1_r have defective rq:p;l:ir of cmﬁ-linking d;u'n:tgc.
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Figure 36-25. Double-strand break repair of DMA.
The proteins Ku and DNA-dependent protein kinase
combine to approximate the two strands and unwind
them, The aligned fragments form base pairs; the extra
ends are removed, probably by a DNA-PK-associated
endo- or exonuclease, and the gaps are filled in; and
continuity is restored by ligation.
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All three of these clinical syndromes are associaced
with an increased Frequency of cincer. It is likely that
other human discases resulting from disordered DNA
repair capabilities will be found in the futare,

DNA & Chromosome Integrity Is
Monitored Throughout the Cell Cycle

Given the importance of normal DNA and chromosome
function to survival, it is not surprising thar cukaryotc
cells have developed claborare mechanisms o monicor
the integrity of the genctic material, As deriled above, a
number of complex multi-subunic enzyme systems have
evolved 1 repair damaged DNA ar the nucleonde se-
quence level, Similarly, DNA mishaps ar the chromo-
some level are also monitored and repaired, As shown in
Figure 3620, DNA integricy and chromosomal in-
tegrity are continuously monitored chroughour the cefl
cycle. The four specific sceps at which chis monitoring
occurs have been termed checkpoint controls. If prob-
lems are detected at any of these checkpoints, progression
through the cycle is interrupred and transit through che
cell cycle is haled undl the damage is repaired. The mol-
ccular mechanisms underlying detection of DNA dam-
age during the G1 and G2 phases of the cycle are under-
stood berer than those operative during 5 and M phases,

The tumor suppressor p33, a prowin of MW 53
kDa, plays a key role in both G1 and G2 checkpoint con-
trol. MNormally a very unseable procein, p53 is a DMNA
binding transcription factor, one of a family of relared
proteins, that is somchow stabilized in response o DNA
damage, perhaps by direct p53-DNA interactions. In-
creased levels of p53 activare rranscription of an ensemble
of genes thar collectively serve w delay Iram.lt through the
eyele. One of these induced prorcins, p21"", is a porent
CDK-cyclin inhibiror (CKIJ rthar is capable of efficiendy
inhibiting the action of all CDKs. Clearly, inhibition of
CDEKs will hale progression through the coll cycle (sec
Figures 36—19 and 36-20}. If DNA damage is too exten-
sive to repair, the affected cells undergo apoptosis (pro-
grammed cell death) in a p53-dependent fashion. In this
case, p33 induccs the activation of a collection of genes
that induce apoptosis. Cells lacking funcrional p33 fail o
undergo apoptosis in response to high levels of radiaton
or DN A-active chemotherapeutic agents, [t may come as
no surprisc, then, thar p33 is one of the most frequendy
mutated genes in human cancers, Addidonal rescarch into
the mechanisms of checkpoint control will prove invalu-
able for the development of effective anticancer therapeu-
Tic opriens.

SUMMARY

* DNA in eukarvoric cells is associared with a variery
of proteins, resulting in a struceure called chromarin.

* Much of the IXNA is associated with histone proteins
to form a structure called the nucleosome, Nucleo-
somes arc composed of an octamer of histones and
150 bp of DNA.

* Nucleosomes and higher-order strucrures formed
from them serve ro compact the DINAL

* As much as 90% of DNA may be transcriprionally
inactive as a result of being nucleasc-resistant, highly
compacted, and nucleosome-associated.

* DNA in transcn}'ltmna]l}r active regions is sensitive ta
nuclease attack; some regions are exceptionally sensi-
tive and are often found o contain transcriprion
control sites,

* Transcriptionally active DNA (the genes) is often
clustered in regions of each chromosome. Within
these regions, genes may be separated by inactive
DNA in nucleosomal sceucrures. The transcription
unit—that portion of a E;EHE that is copied by RNA
polymerase—consists of coding regions of DNA
[exons) imerrup:ed by intervening sequences of non-
coding DINA (inwrons).

* After transcription, during BNA processing, introns
arc removed and the cxons are ligated together w
form the matmure mRNA that appears in the cyro-
plasm,

= [INA in cach chromosome is exactly replicated ac-
cording to the rules of hase pairing during the S
phase of the cell oyele,

= Each strand of the double helix is replicated simulra-
neously bur by somewhar different mechanisms, A
complex of proteins, including DNA polymerase,
teplicares the leading strand continuously in the 5" ro
3" direcrion. The lagging serand is replicated discon-
tinuously, in short pieces of 150-250 nucleoudes, in
the 3 1o 5 direciion.

= DNA replication occurs ar several sites—called repli-
carion bubbles—in cach chromosome. The entire
process takes abour 9 hours in a rypical cell.

* A variery of mechanisms employing different en-
zvmes repair damaged DNA, as after exposure o
chemical mutagens or ultraviolet radiation,
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RNA Synthesis, Processing,

& Modification

Daryl K. Granner, MD, & P. Anthony Weil, PhD

BIOMEDICAL IMPORTANCE

The synthesis of an RNA molecule from DNA is a
complex process involving one of the group of RNA
polymerase enzymes and a number of associared pro-
teins. The general steps required to synthesize the pri-
mary transcript are initiation, clongation, and termina-
Tinn. Must i:'i knnrwn ah:]ur jnirl:m'nn. .-ﬁn. |1'I.|.I'.I'l['l'.‘.'l' af
DNA regions (generally locared upstream from the ini-
tiation site) and protein factors that bind o these se-
quences to regulate the initation of transcription have
been idenfied. Certain RNAs—mRNAs in particu-
lar—have very different life spans in a cell. Tt is impor-
tant to understand the basic principles of messenger
RMNA synthesis and metsbolism, for modulation of this
process resules in altered rates of protein synthesis and
thus a variety of metabolic changes. This is how 2l or-
ganisms adapt to changes of environment, Tt is also how
differennated cell structures and funcrions are estab-
lished and maimntained. The RNA molecules synthe-
sived in mammalian cells are made as precursor mole-
cules that have to be processed into mature, active
RMNA. Errors or changes in synthesis, processing, and
splicing of mRNA transeripes are a cause of disease.

RNA EXISTS IN FOUR MAJOR CLASSES

All eukaryotic cells have four major classes of RNA: -
bosomal RINA ((RNA). messenger RNA {mBRNA}, trans-
fer RNA (IRNA), and small nuclear RNA (snRINA).
The first three are involved in prowein synthesis, and
snRNA is involved in mRNA splicing. As shown in
Table 37-1, these various clusses of RNA are different
in their diversity, stability, and abundance in cells,

RNA 15 SYNTHESIZED FROM A DNA
TEMPLATE BY AN RNA POLYMERASE

The processes of DNA and RNA synthesis are similar
in that they invalve (1) the general steps of initiation,
elongation, and termination with 5" to 3" polarity; (2)
large. multcomponent inivation complexes; and (3)
adherence to Watson-Crick base-pairing rules, These
processes differ in several important ways, including the
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following: (1} ribonucleotides arc used in RNA synthe-
sis rather than deoxyribonucleotides; (2) U replaces T
as the complementary base pair for A in RNA; (3) a
primer is not involved in RNA synthesis; (4) only a very
small portion of the genome 15 transcribed or copicd
into RNA, whereas the entire genome must be copicd
during DMNA replication; and (5) there is no proofread-
ing funcrion during RMA rranscription.

The process of synthesizing RNA from a DNA em-
platc has been characterized best in prokaryores. Al-
though in mammalian cells the regulanon of RNA syn-
thesis and the processing of the RNA cranscripes are
different from those in prokaryotes, the process of RNA
synthesis per sc is quite similar in these owo classes of
organisms, Thercfore, the descriprion of RINA synthesis
in prokaryotes, where it is beter understood, is applica-
bl w0 cukaryotes cven though the cnzymes involved
and the regulatory signals are different.

The Template Strand of DNA
Is Transcribed

The sequence of ribonucleatides in an RNA molecule is
complementary to the sequence of  deoxyribonu-
cleotides in one strand of the double-stranded DNA
molecule (Figure 35-8). The strand that is transcribed
ar L'u[»i:r_':.{ into an RNA molecule is referred to as the
template strand of the DNA. The other DNA strand is
frequenty referred o as the coding strand of that gene.
[t is called this because, with the exception of T lor U
changes, it corresponds exactly to the sequence of the
primary wanscript, which encodes the prowin product
aof the gene. In the case of a double-stranded DNA mol-
ectle r{mlaihiﬂg many gchm‘. the lr.'m]:-l:lt:.' xlrand i:ur
each gene will not necessarily be the same strand of the
DMNA double helix {Figure 37-1). Thus, a given strand
af a double-stranded DNA molecule will serve as the
t:.'l'nplalc strand i'ur sofme g:.'nr_'s and the c{:ding strand
of other genes. Nore that the nudeotide sequence of an
RMNA wranscripr will be the same (except for U replacing
T} as that of the coding strand. The information in the
t:.'rnplalc strand is read out in the 3‘ Ly '5’ direction.
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Table 37-1. Classes of eukaryotic RMA.

RNA Types Abundance | Stability
Ribosomal 285, 185, 5.85, 55 | B0% of total | Very stable
irRNA)
Messenger | ~107 different | 2-5% of total | Unstable to
(MENA) species very
stable
Transfer =60 different ~15% of total | Very stable
(CRMA) species

|
| |
Small nuclear | ~30 different | = 1% of total | Very stable
(snRMA) species i i

DNA-Dependent RNA Polymerase
Initiates Transcription at a Distinct
Site, the Promoter

DNA-dependent RMNA polymerase is the enzyme re-
sponsible for the polymerization of ribonucleorides into
a sequence complementary to the templae strand of
the gene (see Figures 37-2 and 37-3). The enzyme at-
taches ar a specific site—the promoter—on the tem-
plate scrand. This is followed by initation of RNA syn-
thesis at the starting point, and the process continues
until a termination sequence is reached (Figure 37-3).
A transcription unit is defined as that region of DNA
that includes the signals for rranscriprion initarion,
elongation, and termination. The RNA product, which
is synchesized in the 57 o 3" direction, is the primary
transcript. In prokaryotes, this can represent the prod-
uct of several contiguous genes; in mammalian cells, it
usually represents :{ée product of a single gene. The 5
terminals of the primary RNA transcripr and the ma-
wure cytoplasmic RNA are identical. Thus, the starting
point of transcription corresponds to the 5' nu-
cleotide of the mRNA. This is designared position +1,
as is the corresponding nucleotide in the DNA. The

Gena A

Gens B Gens G Gene D

Temgplate strands

Figure 37-7. This figure illustrates that genes can be
transcribed off both strands of DNA, The arrowheads in-
dicate the direction of transcription {polarity). Note that
the template strand is always read in the 3" to 5" direc-
tion. The oppesite strand is called the coding strand be-
cause it is identical (except for T for U changes) to the
mRNA transcript (the primary transcript in eukaryotic
cells) that encodes the protein product of the gene.

RMA transcnpt

5 P-p-p

W

AMNAP tompla

Figure 37-2. RNA polymerase (RMAP) catalyzes the
polymerization of ibonuclectides into an RNA se-
quence that is complementary to the template strand
of the gene. The RNA transcript has the same polarity
(5" to 3") as the coding strand but contains U rather
than T. £ coli RWAF consists of 2 core complex of two

ot subunits and two [ subunits (§ and §7. The holoen-
zyme contains the & subunit bound to the o, core
assembly. The w subunit is not shown. The transcription
“bubhbile” is an approximately 20-bp area of melted
DMA, and the entire complex covers 30=75 bp, depend-
ing on the conformation of RNAP.

(1) Template banding

P
APSSOSEDOE wrpinte

(2] Chain initiation

PEpAph

RMNAF @
e e u e

PRRARN

poAps
" NTPe

{5) Chain tarmanation

and AMNAP releasa (2) Promoter
penAs clearance

HTPs

(4] Chain alongation

Figure 37-3. The transcription eycle in bacteria. Bac-
terial RNA transcription is described in four steps:

(1} Template binding: RMA polymerase (RNAP) binds
to DMA and locates a promoter (F) melts the two DNA
strands to form a preinitiation complex (PIC), (2) Chain
initiation: RNAP holoenzyme {core + one of multiple
sigma factors) catalyzes the coupling of the first base
(usually ATF ar GTP) to a second ribonucleoside
triphosphate to form a dinuclectide. (3) Chain elonga-
tion: Successive residues are added to the 3™-0H termi-
nus of the nascent RNA molecule. (4) Chain termina-
tion and release: The completed RMA chain and RNAFP
are released from the template, The RMNAP holognzyme
ro-farms, finds a promoter, and the cycle is repeated,
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numbers increase as the sequence proceeds downstrean,
This convention makes it easy to locate particular re-
gions, such as intron and exon boundanes. The nu-
cleotide in the promoter adjacent to the transcription
initiation site 15 designated —1, and these negative num-
bers increase as the sequence procecds wpseream, away
from the initiation site. This provides a conventional
way of defining the location of regulatory clements in
the promoter,

The primary transcripts generated by BNA polym-
erase ll—one of three disnnet nuclear DNA-depen-
dene RNA polymerases in cukaryotes—are promptly
capped by 7-methylguanesine triphosphace caps (Fig-
ure 35-10) that persist and eventually appear on the 5
end of mature cytoplasmic mRNA. These caps are nec-
essary for the subsequent processing of the primary
transeript to mRMNA, for the rranslation of the mRNA,
and for protection of the mRMNA against exonucleolytic
attack.

Bacterial DNA-Dependent RNA
Polymerase Is a Multisubunit Enzyme

The DNA-dependent RNA polymerase (RNAP) of the
bacterium Froherschia coli exists as an approximately
400 kDa core complex consisting of two identical o
subunits, similar but not identical § and [ subunies,
and an @ subunit. Beta is thought to be the catalytic
subunit I:Fi.gun.- 37-2). BNAD, a menalloenzyme, also
contains two zinc molecules, The core RNA polymerase
assnciates with a specific protein factar (the sigma [
factor) that helps the core enzyme recognize and bind
ta the sp:ciﬁc deoxynucleotide sequence of the pro-
mater region (Figure 37-5) to form the Ft‘emltla.tiun
cﬂmp]cx [PIC). Sigma factors have a dual role in the
process of promoter n:r.ugmtlun. o association with
core RNA polymerase decreases its affinity for nonpro-
maoter DINA while 5imu]|:znt'uu_l;|}r increasing holoen-
zyme affinity for promoter DNA. Bacteria contain mul-
tiple o factors, each of which acts as a regulatory
protein that modifies the promoter recognition speci-
ficity of the RNA polymerase. The appearance of dif-
ferent @ factors can be correlated temporally with vari-
ous programs of gene expression in prokaryotic systems
such as ]Jacrcri:n]:rha.gc r]m-'tlupmcht. spuruhtiun. and
the response to heat shock.

Mammalian Cells Possess Three
Distinct Nuclear DNA-Dependent
RMNA Polymerases

The propertics of mammalian polymerases are de-
scribed in Table 37-2. Each of these DNA-dependent
RMA palymerases is responsible for transeriprion of dif-

Table 37-2. Momenclature and properties of
mammalian nuclear DNA-dependent RNA
polymerases.

Form of RNA E Sensitivity to

Polymerase | w-Amanitin Major Products
A} i Insensitive TRNA
Il (B} i High sensitivity mANA
I ic) E_Intermediate sensitivity | tRMASSS rRMNA

ferent scts of genes. The sizes of the RNA polymerases
range from MW 500,000 to MW 600,000, These en-
zvmes are much more complex than prokarvoric RNA
polymerases. They all have two large subunics and a
number of smaller subunits—as many as 14 in the case
of RMA pol 1. The eukaryoric RMNA polymerases have
extensive amino acid homologies with  prokaryoric
BMNA polymerases. This homology has been shown re-
cently to extend ta the level of three-dimensional struc-
tures, The tuncrions of each of the subunits are nor yer
tully underscood. Many could have regularory func-
tions, such as serving to assist the polymerase in the
recognition of specific sequences like promoters and
terminarion signals,

One peprde roxin from the mushroom Amanis
phadlaides, t-amanitin, is a specific differential inhibitor
of the eukaryotic nuclear DMNA-dependent RNA polym-
erases and as such has proved to be a powerful research
ool (Table 37-2). -Amanitn blocks the translocation
of RNA polymerase during tmanscriprion.

RNA SYNTHESIS IS A CYCLICAL PROCESS
& INVOLVES INITIATION, ELONGATION,
& TERMINATION

The process of RNA synthesis in bacteria—depicred in
Figure 37-3—involves first the binding of the RNA
holopolymerase molecule to the template ar the pro-
mocer site 0 form a PIC. Binding is followed by a con-
formagional change of the RNAP, and the first nu-
cleotide (almost always a purine) then associates with
the inivation site on the Is)suhunit of the enzyme. In
the presence of the appropriate nucleotide, the RNAP
catalyzes the formacion of a phosphodicster bond, and
the nascent chain s now attached to the polymerization
site on the 3 subunit of RNAP. (The analogy to the A
and P sites on the ribosome should be noted; see Figure
38-9.)

Initiation of formation of the RMA molecule at its
5" end then follows, while clongation of the RNA mole-
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cule from the 3" to 15 3" end continues cyclically, an-
tiparallel to its template. The enzyme polymerizes the
ribonucleotides in a specific sequence dictated by the
template strand and interpreted by Watson-Crick base-
pairing rules. Pyrophosphate is released in the polymer-
ization reaction. This pyrophosphate (PP is rapidly
degraded to 2 mol of inorganic phosphate (1) by ubiqg-
witous pyrophosphatases, thereby providing irreversibil-
ity on the overall synthetic reaction, In both prokary-
otes and eukaryotes, a purine ribonucleotide s usually
the first to be polymerized into the RNA molecule, As
with cukaryotes, 5” triphasphate of this first nucleotide
15 maintained in prokaryotic mENA,

As the elongation complex containing the core
RMA polymerase progresses along the DNA maolecule,
DNA unwinding must occur in order to provide access
for the appropriate base pairing to the nucleotides of
the coding strand, The extent of this transcription bub-
ble (se, DNA unwinding) is constant throughout tran-
scription and has been cstimated o be about 20 basc
pairs per polymerase molecule, Thus, it appears that the
size of the unwound DMNA region is dictated by the
polymerase and is independent of the IINA sequence in
the complex. This suggeses thar RNA polymerase has
associated with it an “unwindase” activity that opens
the [MNA helix. The fact that the DNA double helix
must unwind and the strands pare at least transiently
for cranscription implics some disruprion of the nucleo-
some structure of cularyoric cells. Topoisomerase both
precedes and follows the progressing RNAP to prevent
the formation of superhelical complexes.

Termination of the synthests of the RNA molecule
in bacteria is signaled by a sequence in the template
strand of the DNA molecule—a signal that is recog-
nized by a termination protein, the rho (p) factor. Rho
15 an ATP-dependent RNA-stimulaced helicase thar
disrupes the nascent RNA-DNA complex, After termi-
nation af synthesis of the RNA molecule, the enzyme
separates from the DDNA template and probably disso-
ciates o free core enzyme and free & factor, With the
assistance of another & factor, the core enzyme then
recognizes a promoter at which the synthesis of a new
RMNA molecule commences. In eukarvotic cells, termi-
nation is less well defined. It appears to be somehow
linked boch to initiation and o additon of the 3
polyA tail of mRNA and could involve destabilization
of the RNA-DNA complex at a region of A-U base
pairs. More than one RNA polymerase malecule may
transcribe the same template strand of a gene simulta-
neously, but the process is phased and spaced in such a
way that at any one moment cach is transcribing a dif-
ferent porton of the DNA sequence, An electron mi-
crograph of extremely active RNA synthesis is shown

in Figure 374,

e L o

Figure 37-4. Electron photomicrograph of multiple
copies of amphibian ribosomal RNA geneas inthe
process of being transcribed. The magnification is
about 6000 =, Note that the length of the transcripts in-
creases as the ANA polymerase molecules progress
along the individual ribosomal RMNA genes; transcrip-
tion start sites {filled circles) to transcription termina-
tion sites (open circles), RNA polymerase | (not visual-
ized hera) is at the base of the nascent rRMNA transcripts,
Thus, the proximal end of the transcribed gene has
short transcripts attached to it, while much longer tran-
scripts are attached to the distal end of the gene. The
arrows indicate the direction (5" to 3') of transcription,
(Reproduced wath permission, from Miller OL Ir, Beatty BR
Portrait of a gena, J Cell Physiol 1968 74{5uppl 1]:225)

THE FIDELITY & FREQUENCY OF
TRANSCRIPTION IS CONTROLLED
BY PROTEINS BOUND TO CERTAIN
DNA SEQUENCES

The DNA sequence analysis of specific genes has al-
lowed the recognition of a number of sequences impor-
tant in gene transcription. From the large number of
bacrerial genes studied it is possible to construct con-
sensus models of transcription initiation and termina-
tion signals.
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The question, “How does RNATP find the correct
site to initlate trnnsr.ri[:tinn:‘" is not trivial when the
mmp]cmn of the genome i5 considered. F ﬁ.le'; has
4 % 10 transcripion initacion z.m:s in 4 % 10" hase
pairs {bp) of DNA. The situation is even mare complex
in humans, where p:,'rh:ips 107 rmnscriprlnn nitiation
sites are distrboted rhrnughuut in3 =10 bp of DIMNA.
BMNAP can bind to many regions of [DNA, but it scans
the DN-*L sequence—at a rate of 2 10° bp/s—until it
recognizes certain specific regions of DNA to which it
binds with higher affinity, This region is called the pro-
moter, and it is the assoctation of RNATP with the pro-
moter that ensures accurate initiation of transcription,
The promoter recognition-utilization process is the tar-
get for n:gulntinn in both bacreria and humans.

Bacterial Promoters Are Relatively Simple

Bacterial promoters are approximately 40 nucleotides
{40 bp or four wrns of the DNA double helix) in
length, a region small enough to be covered by an
F coli RNA holopolymerase molecule, [n this consensus
promoter region are two short, conserved sequence ele-
ments, Approximately 35 bp upstream of the transcrip-

A

THAMSCRIPTION LUNIT

tion start site there 15 a consensus sequence of cight nu-
cleotide pairs (5-TGTTGACA-3") to which the RNAP
hinds to form the so-called cdosed l:rl:lnun]}]l.'::+ More
proximal to che ranscription stare site—about ten nu-
cleotiddes upstream—is a sis-nucleotide-pair A+T-rich
sequence (3-TATAAT-3"). These conserved sequence
elements comp rising the promoter are shown schemati-
cally in Figure 37-5. The later sequence has a low
melting temperature because of its deficiency of GC
nucleatide pairs, Thus, the TATA box is thought ta
ease the dissociation beoween the two DNA strands so
that RNA polymerase bound to the promoter region
can have access to the nucleotide sequence of its imme-
diately downstream template strand, Once this process
occurs, the combination of RNA polymerase plus pro-
mocer 15 called the open complex. Oither bacteria have
slightly different consensus sequences in their promaot-
ers, but all generally have two components to the pro-
muoter; these tend o be in the same pmitinn relative to
the transcription start site, and in all cases the sequences
beeween the boxes have no similarity but stll provide
critical spacing functions facilitating recognition of =35
and =10 sequence by RNA polymerase holoenzyme.
Within a bacrerial cell, different sets of genes are often

T

———— Promoter ——|-— Transcribed ragion —

Transcription
start site
1
Coding strand 5 R : 3 %
Template strand 3° el I TaTaaT %m o ONA
—3§ -1 -
et el Mg—’oﬁ FIbA
3
g 5 Flanking ' Flanking
SeqUences - SEqUences

Figure 37-5.

Bacterial promoters, such as that from E coli shown here,

share two regions of highly conserved nucleotide sequence. These regions
are located 35 and 10 bp upstream (in the 5" direction of the coding strand)
from the start site of transcription, which is indicated as +1. By convention,
all nucleotides upstream of the transcription initiation site (at +1) are num-
bered in a negative sense and are referred to as 5'-flanking sequences, Also
by convention, the DMA regulatory sequence elements [TATA box, etc) are
described in the 5" to 3" direction and as being on the coding strand. These
elements function anly in double-stranded DNA, however, Note that the
transcript produced from this transcription unit has the same polarity or
“sense” (ie, 5 to 3 orientation) as the coding strand. Termination cfs-
elements reside at the end of the transcription unit (see Figure 37-6 for
more detail). By convention the seguences downstream of the site at which
transcription termination occurs are termead 3 -flanking sequences.
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coordinacely regulated. One important way tha this is
accomplished is through the face thar these co-regulated
genes share unigue —35 and 10 promoter sequences,
These unique promorers are recognized by different @
factors bound to core RNA polymerase,

H]‘L:!-q‘.[l:l‘.lfnt‘ltnt tr:nscripr'mn tl:nninatiul:l Eig‘ni]s
in £ colf also appear to have a distnet consensus se-
guence, as shown in Figure 37-6. The conserved con-
SCNSUS SEUEnGe, which 15 about 40 nucleotide pa'lrs in
length, can be seen to contain a hyphenated or inter-
mptﬂf inverted repent follevwrred h:.' a series of AT base
pairs. As transcriprion proceeds through the hyphen-
ateel, inverted repeat, the generated transcripe can form
the intramolecular hairpin structure, also depicted in
Figure 37-6.

Transcription continues into the AT region, and
with the aid of the p termination protein the BNA
polymerase stops, dissociates from the DNA template,
and releases the nascent rranscript.

Eukaryotic Promoters Are More Complex

It is clear that the signals in DNA which control ran-
scription in cukarvotic cells are of several oypes. Two
rypes of sequence elements arc promoter-proximal. One
of these defines where transcription is to commence
along the DNA, and the other coneributes o the mecha-
nisms thar control how frequently this event is to occur,
For cxample, in the thymidine kinase gene of the herpes

simplex virus, which utilizes transeription factors of s
mammalian host for gene expression, there is a single
unique transcription start site, and accurate transcripeion
from this start site depends upon a nuceotide sequence
located 32 nucleatides upstream from che stare siee (e, ar
—32) (Figure 37-7). This region has the sequence of
TATAAAAG and bears remarkable similanty o the
functionally relared TATA box chat is located abour 10
bp upstream from the prokaryotic mRNA start sice (Fig-
ure 37-5). Mutanon or inactivation of the TATA box
markedly reduces transcripnion of this and many other
genes that contain this consensus o clemene (see Figures
37-7, 37-8), Most mammalian genes have a TATA box
that s ll.wun]]}-' located 2530 hF upstream from the tran-
scription start site, The consensus sequence for a TATA
box is TATAAA, though numerous variations have been
characterized. The TATA box 15 bound by 34 kDa
TATA binding protein (TBP), which in wrn binds sev-
eral other proteins called TBP-associated factors
{TAFs). This complex of TBI and TAFs 15 referred 1o as
TEND, Binding of TFID to the TATA box sequence is
thought to represent the first step in the formation of the
rranscniption complex on the promorer.

A small number of genes lack a TATA box. In such
imstances, two additional e elements, an initiator se-
quence (Inr) and the so-called downstream promoter
element (DPE), direct RNA polymerase 11 wo the pro-
moter and in so doing provide basal transcription start-
ing from the correct site. The Inr element spans the stare

Direction of franscription
Coding strand - 5° AGCLCGE GCGGGCT | T ml — ONA
Tamplate strand 3 TCGEGGECGE CECCCEA | AdAAAAAS — &
2 SARAREE
Codimg strand 5 e ¥ DA
Template strand 3 AABAALAL 5
puuuuuy-3
u
~& U
S G @
i c G
/ c G
cC G
/,/ G G )
e 1{:‘, ?, RMA transcript
g

Figure 37-8,

The predominant bacterial transcription termination signal contains an inverted, hyphenated re-

peat (the two boxed areas) followed by a stretch of AT base palrs (top figure). The inverted repeat, when tran-
scribed into RNA, can generate the secondary structure in the RNA transcript shown at the bottorn of the figure.
Formation of this RMA hairpin causes RMA polymerase to pause and subsequently the p termination factor inter-
acts with the paused polymerase and somehow induces chain termination.
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Pramatar proximal =l Pramoter
I" upslream elemants i TR

tk coding region

Sp1

Figure 37-7. Transcription elements and binding factors in the herpes simplex virus thymidine ki-
nase (tk} gene. DNA-dependent RWA polymerase || binds to the region of the TATA box (which is bound
by transcription factor TFID) to form a multicormponeant preinitiation complex capable of initiating
transcription at a single nucleotide (+1). The frequency of this event is increased by the presence of up-
stream cis-acting elements (the GC and CAAT boxes). These elements bind trans-acting transcription
factors, in this example Sp1 and CTF (also called C/EBP, NF1, NFY). These cis elements can function inde-
pendently of arientation (arrows),

|-1—Hegulated BxXpression :—I-—-: "Basal” expression —p-l
Distal Promoter
|-t— reguUIatony —— ProxXimal = tf—— Promotar —-l
elements elements
+1
Othar Enhancear (+) Pramoter
ragulatary and proximal OFE
—  elements | repressor (-) 1 elemenls TATA Inir Coding region I
alameants [GCICAAT, ete) et e
» > —h —
-, - -

Figure 37-8. Schematic diagram showing the transcription cantrol reglons in a hypothetical elass ||
{mRNA-producing) eukaryotic gene. Such a gene can be divided into its coding and regulatory regions,
as defined by the transcription start site farrow; +1). The coding region contains the DNA sequence that
is transcribed into mRNA, which is ultimately translated into protein. The regulatory region consists of
two classes of elements. One class is responsible for ensuring basal expression. These elements gener-
ally have two compaonents, The proximal component, generally the TATA box, or Inr or DPE elements di-
rect RNA polymerase Il to the correct site (fidelity]. In TATA-less promaoters, an initiator (Inr) elernent that
spans the initiation site {+1) may direct the polymerase to this site. Another compeonent, the upstream
elements, specifies the frequency af initiation, Among the best studied of these is the CAAT box, but
several other elements (Sp1, NF1, AP1, etc) may be used [n various genes, A second class of regulatory
cis-acting elements is responsible for regulated expression. This class consists of elements that enhance
or repress expression and of others that madiate the response to various signals, including hormones,
heat shock, heavy metals, and chemicals. Tissue-specific expression also involves specific sequences of
this sort. The orientation dependence of all the elements is indicated by the armows within the boxes. For
example, the praximal element (the TATA box) must be in the 5" to 3" orientation. The upstream ele-
ments work best in the 5" to 3’ arientation, but some of them can be reversed. The locations of some el-
ements are not fixed with respect to the transcription start site. Indeed, some elements responsible for
regulated expression can be located sither interspersed with the upstream elements, or they can be lo-
cated downstream from the start site,
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site {from —3 to +5) and mnsihrh of rh:. gcncrn! consen-
Initiation site sequence per s, {.'*;+l :mhc;n.l. rhc Fir.l.r
nucleotide transcribed.) The proteins that bind to Inrin
order to direce pol 11 binding include TFIID, Promaoters
lhﬂt I'l.:l.\ﬂ. bﬂth al T.l'!'i.'.l Jﬁl hnx and an |I1r mﬂ‘f .l.'“. ‘rrnng{.‘f
than those that have just one of these elements. The
DIPE has the consensus sequence A/GCAT CGTG and
15 localized about 25 bp downstream of the +1 start site,
Like the Inr, DPE sequences are also bound by the TAF
subunits of TFID. In a survey of over 200 cukaryotic
genes, roughly 30% contained a TATA box and Inr,
25% concained Inr and DPE, 15% contained all three
clements, while -30% contained just the Inr,

Sequences farther upstream from the start site deter-
mine how fn:qm:n thy thr CRANSCHPHON cvent occurs,
Mutations in these regions reduce the frequency of
lmn1crlprlﬂnﬂ] stares [Enfﬂ[d T l'wr.:l'l.r}"Fﬁl(l 1 }"Fl]fﬂ.l D'F
these DNA elements are the GC and CAAT boxes, so
named because of the DNA sequences involved. As il-
lustrated in Figure 37-7, cach of these boxes binds a
protein, Spl in the case of the GC box and CTF {or
C/EPBNF1LNFY) by the CAAT box; both bind
through their distiner DNA binding domains (DBDs).
The Frcrll.u:ncy of rmnscripriun initiation 15 a conse-
quence of these protein-DNA interactions and camplex
meeractions between particular domains of the tran-
seription factors (distinct from the DBD domains—so-
called activation domains; ADs) of these Frntr_':ins and
the rest of the transeription machinery (RNA polym-
erase 1] and the basal factors TFILA, B, [, E. F). (See

below and Figures 37-9 and 37-10). The protein-
DNA interaction at the TATA box involving RNA
polymerase Il and ather components of the basal tran-
scription machinery ensures the fidelity of inivation.

Together, then, the promoter and promoter-proxi-
mal ei-active upstream clements confer Adelity and fre-
quency of initation upon a gene. The TATA hox has a
particularly rigid requirement for both position and ori-
entation, Single-base changes in any of these e ele-
ments have dramatic effects on function by reducing
the binding athnity of the cognate trans factors {either
TEHINTBP or 5pl, CTF, and similar factors). The
spacing of these clements with respect to the transerip-
tian start site can also be crineal. This is pnrticu]:tﬂ}-'
true for the TATA box Inrand DPE.

A third class of sequence dlements can either increase
or decrease the rate u!"tra.nscriptinn initiztion of L"u.lc:lry-
ntil: gt.':l'l.l:ﬁ.. Thm L'|.L'IT|.£‘I'II:S Arg m”ﬂl l:il‘"li:r :hhmcﬂ“ 0or
repressors (or silencers), depending on which effece
they have. They have been found in a variery of locations
bath upstream and downstream of the transcription start
site :Lnd oven wirhin the mnscrihr:r] Fnrrinru: u'F S0mc
genes. In contrast to proximal and upstream promocer el-
ements, enhancers and silencers can exert their effeces
when located hundreds or even thousands of bases away
from transcription units located on the same chromo-
some, Surprisingly, enhancers and silencers can funcrion
in an orcnaton-independent fashion. Literally hun-
dreds of these clemenes have been described. In some
CAses, l‘]‘lt.: .Wfluc'nl:ﬂ rf‘fluirﬂmfnh rﬂr I'ril'li.{llng Are riEi{lI}’
conserained; m others, considerable sequence variaton is

—50 -0 -0
1 I I
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Figure 37-9. The eukaryotic basal transcription complex, Formation of the basal transcription complex begins
when TFIID binds to the TATA box, It directs the assembly of several other components by protein-DMNA and
protein-protein interactions. The entire complex spans DMA from position =30 to +30 relative to the initiation site
{+1, marked by bent arrow). The atomic level, x-ray-derived structures of BNA polymerase | alone and of TBP
bound to TATA promoter DMA in the presence of either TFIIE or TFILA have all been solved at 3 A resolution. The
structure of TFIID complexes have been determined by electron microscopy at 30 A resolution. Thus, the molecu-
lar structures of the transcription machinery are beginning to be elucidated, Much of this structural infarmation is

consistent with the medels presented here,



RMA SYNTHESIS, PROCESSING, & MODIFICATION [/ 349
Rate af Rate af
transcription transcription

Figure 37-10. Two models for assembly of the active transcription complex and for how activators and coacti-
vators might enhance transcription. Shown here as a small oval is TBF, which contains TFIID, a large oval that con-
tains all the components of the basal transcription complex illustrated in Figure 37-9 {le, RNAP Il and TFILA, TFIB,
TFIE, TFIIF, and TFIIH). Panel A: The basal transcription complex is assembled on the promoter after the TBP sub-
unit of TFID is bound to the TATA box. Several TAFs (coactivators) are associated with TBP. In this example, a tran-
scription activator, CTF, is shown bound to the CAAT beox, farming a loop complex by interacting with a TAF
bound to TEP. Panel B: The recruitment model. The transcription activator CTF binds to the CAAT box and inter-
acts with a coactivator (TAF in this case). This allows for an interaction with the preformed TEP-basal transcription
camplex. TBP can now bind ta the TATA box, and the assembled complay is fully active,

allowed, Some sequences bind only a single protein, but
the majority bind several different proteins, Similarly, a
single procein can bind 1o more than one element,

Hormone response elements (for steroids, T, reti-
noic acid, peptides, etc) act as—or in conjuncrion with—
enhancers or silencers (Chapter 43). Other processes
that enhance or silence gene expression—such as the re-
sponse to heat shock, heavy metals (Cd™* and Zn™),
and some toxic chemicals (eg, dioxin}—are mediated
through specific regulatory elements. Tissue-specific ex-
pression of genes (cg, the albumin gene in liver, the he-
maglobin gene in reticulocytes) is also mediated by spe-
cific DINA sequences,

Specific Signals Regulate
Transcription Termination

The signals for the termination of transcription by
cukaryoric RNA polymerase 11 are very poorly under-

stood, However, it appears that the termination signals
exist far downstream of the coding sequence of cukary-
ofic genes. For example, the manscription termination
signal for mouse B-globin occurs ar several positons
10002000 bases bevond the site at which the poly({A)
tail will eventually be added. Little 15 known about the
terminanion process or whether specific termination
factors similar to the bacterial p factor arc involved.
However, it 15 known that the mRNA 3" terminal s
generated posttranseriprionally, is somehow coupled to
events or structures formed ar the tme and site of init-
ation, depends on a special structure in one of the sub-
units of RNA polymerase 11 (the CTD; see below), and
appears to invalve at least two steps. After RNA polym-
crase II has traversed the region of the transcription
unit encoding the 3’ end of the transcript, an RMNA en-
donuclease cleaves the primary transcript at a position
abour 13 bases 3 of the consensus sequence AAUAAA
thar serves in eukaryotic transcripes as a cleavage signal.
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Finally, this newly formed 3" terminal is polyadenylated
in the nucleoplasm, as described below,

THE EUKARYOTIC
TRANSCRIPTION COMPLEX

A complex apparatus consisting of as many as 50
unigue proteins provides accurate and regulacable tran-
seription of cukaryotic genes. The RNA polymerase en-
gymes (pal 1, pol 11, and pol 111 for class 1, 11, and 111
genes, respectively) transcribe information contained in
the emplate strand of DNA into RNA. These polym-
crases must recognize a specific site in the promoter in
order to initiace transcription at the proper nucleotide,
In contrast to the sitwation in prokaryotes, cukaryotic
RNA polymerases alone are not able wo discriminaee be-
rween promoter sequences and other regions of DNA;
thus, other proteins known as general transcription fac-
tors or GTFs facilicare promoter-specific binding of
these enzymes and formation of the preinidation com-
plex (PIC), This combination of compenents can cat-
alyze basal or {non}-unregulated transcription in vitro,
Another set of proteins—coactivators—help  regulace
the rate of transcriprion initation by interacting with
transcription activators that bind to upstream DINA el-
ements (see below).

Formation of the Basal
Transcription Complex

[n bacteria, a @ factor—polymerase complex sclectively
binds to DMNA in the promoter forming the PIC. The
situation is more complex in cukaryoric genes. Class [l
gencs—those transcribed by pol 11 to make mRNA—
are described as an cxample, In class 1T genes, the func-
tion of 6 factors is assumed by a number of proteins,
Basal transcription requires, in addition to pol 11, a
number of GTFs called TFILA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH, These GTFs serve to pro-
mote RNA polymerase 11 transcription on essentially all
genes. Some of these GTFs are composed of mulriple
subunits. TFIID, which binds to the TATA box pro-
moter element, is the only one of these factors capa-
ble of binding to specific sequences of DNA. As de-
scribed  above, TFID consisis of TATA binding
prowein [TBP) and 14 TBP-associared facrors (TAFs),
TBP binds to the TATA box in the minor groove of
DNA (most transcription factors bind in the major
groove) and causes an approximately 100-degree bend
or kink of the DNA helix. This bending is thought o
facilivate the interaction of TBP-associated facrors with
other components of the transcriprion initiation com-
plex and possibly with factors bound to upstream ele-
ments, Although defined as a component of class 11
gene promoters, | BP, by virtue of its association with

distinet, polymerase-specific sees of TAFs, is also an im-
portant component of class 1 and class 111 initiation
complexes even if they do not coneain TATA boxes,

The hinding of TR marks a specific promaorer for
eranscription and is the only step in the assembly process
that is entircly dependent on specific, high-affinity pro-
tein-DNA interaction, OF several subsequent in vitro
steps, the first is the binding of TFIIB to the TFIID-
promoter complex. This results in a stable ternary com-
plex which is then more precisely located and more
tightly bound at the transcriprion initiaton site. This
complex then attraces and tethers the pol I-TFHF com-
plex to the promoter, TFIF 15 structurally and func-
tianally similar to the bacterial & fctor and is required
for the delivery of pol 1l ta the promoter. TFILA binds
to this assembly and may allow the complex o respond
to activators, perhaps by the displacement of repressors,
Addition of TFIE and TFIIH 5 the final step in the as-
scmhl}' of the PIC., TFIIE appears to join the mmplcx
with pol II-TFIF, and TFITH is then recruited. Each of
these binding evenes extends the size of the complex so
that finally about 60 bp (from =30 to +30 relative to +1,
the nucleotide from which transcnpion commences)
are covered (Figure 37-9), The PIC is now complere
and capable of basal transcription initiated from the cor-
rect nucleotide, In genes that lack a TATA box, the
sarne factors, incdluding TBP, are required. In such cases,
an Inr or the DPEs (see Figure 37-8) position the com-
plex for accurate initiation of transcription,

Phosphorylation Activates Pol Il

Eukaryoric pol 11 consists of 12 subunits. The mwo
largest subunits, both abour 200 kDa, are homelogous
to the bacterial [} and B’ subunits. In addicion w the in-
creased number of subunits, eukaryoric pol 11 differs
from its prokaryoric counterpart in thar ic has a series of
heprad repears with consensus sequence Tyr-See-Pro-
The-Ser-Pro-Ser ar the carboxyl terminal of the largest
pol 11 subunic. This carboxyl terminal repeat domain
{CTD) has 26 repeared unirs in brewers’ yeast and 52
units in mammalian cells. The CTD is both a substrate
tor several kinases, including the kinase component of
TFIIH, and a binding site for a wide array of proteins.
The CTD has been s%mwn to interact with RNA pro-
cessing enzymes; such binding may be involved with
BMNA polyadenylation. The associatdon of the factors
with the CTD of RNA polymerase II {and other com-
ponents of the basal machinery) somehow serves to
couple initation with mRNA 3" end formarion. Pol 11
is activated when phosphorylated on the Ser and The
residues and displays reduced acrivity when the CTD is
dephosphorylared. Pol IT lacking the CTD rail is inca-
paEle of activating transcription, which underscores the
importance of this domain.
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Pal Il associates with other proteins to form a
halocnzyme complex. In yeast, at least nine gene prod-
ucts—called Srb (for suppressor of RNA  polymer-
ase B)—hind to the CTD., The Srb proteins—or medi-
ators, as they are also called—are essential for pol 11
transcription, though their exact role in this process has
nat been defined, Related proteins comprising even
more complex forms of RMA polymerase 11 have been
deseribed in human cells,

The Role of Transcription Activators
& Coactivators

TFID was originally considered 1o be a single procein.
However, scveral picces of evidence led o the impor-
tant discovery that TFID is actually a complex consist-
ing of TBP and the 14 TAFs. The first cvidence that
TFID was more complex than just the TBP molecules
camc from the obscrvation that TBP binds o a 10-bp
segment of DNA, immediacely over the TATA box of
the gene, whereas native holo-TFILD covers a 35 bp or
larger region (Figure 37-9). Sccond, TBP has a molec-
ular mass of 2040 kDa {depending on the specics),
whercas the TFID complex has a mass of about 1000
kDa. Finally, and perhaps most imporeantly, TBP sup-
ports basal cranscription but not the augmented cran-
seription provided by certain activators, eg, Sp1 bound
to the GC box. TFIID, on the other hand, supports
both basal and enhanced transcriprion by Spl, Oerl,
AP1, CTF, ATF, cwc. (Table 37-3), The TAFs are cs-
sential for this activator-cnhanced transcription. It is
nat yet clear whether there are onc or several forms of
TFID thar mighe difter slightly in their complement of

Table 37-3. Some of the transcription control
elements, their consensus sequences, and the
factors that bind to them which are found in
mammalian genes transcribed by RNA
polymerase Il A complete list would include
dozens of examples. The asterisks mean that
there are several members of this family.

Element Consensus Sequence Factor

TATA bax TATAAA { TP

CAAT box CCAATC § C/EBP™, NF-Y*

GE box GGGLGG [ 5p1®
CAACTGAC i Mya D
TACGOAMCNGCCAA  INFT*

lg octamer ATGCAAAT i Octl, 2, 4,67

AP1 TGAG/CTC/AA * Jun, Fos, ATF*

Serum response GATGCCCATA | SRF

Heat shock (NGAAN], i HSF

TAFs. It is conceivable that different combinations of
TAFs with TBI'—or one of several recently discovered
TBP-like factors (TLFs)—may bind o different pro-
mocers, and recent reports suggese thar this may ac-
count ﬁ]r .Eﬂlﬂti'i't' :I.I'.'tll"i'ilt:iﬂﬂ r.lnl.‘l:d i.l'l 'n":lfllﬂll.lﬁ an‘lm-
©Ts -'l.rl'lj Fnr l'i'lf l.l.iﬂ-l:'l"."nt Htrt:ngrl'ls nf L'cl'r.'iin Fr{imﬂtc[ﬁ.
TAFs, since they are required for the action of acti-
vators, are often called coactivators. There are thus
three classes of cranseription factors involved in the reg-
u[:lt'inn nf CIH? [I Eli..'ﬂﬂ'.s: haﬁ.‘li F.'l.l:[ﬂ'rﬂ. Euacl"w:lrnrx, :l.l'H.I
activator-repressors { Table 37-4), How these classes of
proteins interact to govern both the sive and frequency
of transeription is a question of central importance,

Two Models Explain the Assembly
of the Preinitiation Complex

The formation of the PIC described above is based on
the scquential addition of purified components in in
vitro experiments. An essential feature of this model is
thar the assembly rakes place on the DNA template.
Accordingly, wanscription activators, which have au-
tonomous DMNA binding and activation domains (sce
Chapter 39), arc thought ro function by stimulating ci-
ther PIC formation or PIC function, The TAF coacri-
varors are viewed as bridging factors that communicate
beoween the upstream activators, the proteins associated
with pol I1, or the many other components of TFIID.
This view, which assumes thart there is stepwise assem-
bly of the PIC—promored by various interactions be-
tween activators, coactivators, and PIC components—
is illustrated in pandl A of Figure 37-10. This model
was supported by observarions that many of these pro-
teins could indeed bind to one another in vitro,

Recent evidence suggests that there is another possi-
ble mechanism of PIC formation and transcription reg-
ulation. First, large preassembled complexes of GTFs
and pol 1] are found in cell extraces, and chis complex
can associate with a promoter in a single step, Second,
the rate of transeriprion achicved when activators are
added to limiting concentrations of pol I holocnzyme
can be marched by increasing the concentration of the
pol 11 holocnzyme in the absence of activators. Thus,

Table 37-4. Three classes of transcription factors
in class Il genes.

General Mechanisms Specific Components

T
1
'l
]

i

Basal components TBP, TFIlA, B, E, F, and H

Coactivators ; TAFs (TBP + TAFs) = TFIID; Srbs

Activators | SP1, ATF, CTF, AP1, etc




352 [ CHAPTER 37

activators are not in themselves absolutely essential For
PIC formation. These observations led to the “recruit-
ment” hypothesis, which has now been tested experi-
mentally. Simply stated, the role of activators and
coactivators may be solely to recruic & preformed
holoenzyme-GTF complex to the promoter. The re-
guirement for an activation domain is circumvented
when either a component of TFID or the pol 11
holoenzyme is artificially tethered, using recombinant
IYNA techniques, to the DNA binding domain (DB
of an activator. This anchoring, through the DBD
component of the activator molecule, leads o a tran-
seriptionally competent strucoure, and there 15 no fur-
ther requirement for the activation domain of the acti-
vator. In this view, the role of activation domains and
TAFs is to form an assembly dchae direces the preformed
holoenzyme-GTF complex to the promaoter; they do
not assist in PIC assembly {see panel B, Figure 37-10),
The efficiency of this recruitment process determines
the rate ﬁfrmnscripriun 4t @ given promocer.
Hormones—and other effectors thar serve to trans-
mit information related to the extracellulir environ-
ment—maodulate gene expression by influencing the as-
sembly and activity of the activator and coactivator
complexes and the subsequent formation of the PIC ar
the promoter of target genes (see Chapter 43). The nu-
merous components involved provide for an abundance
of possible combinations and therefore a range of tran-
seriptional activity of a given gene. [t 1s important to
note that the two models are not mutually exclusive—
stepwise versus holoenzyme-mediated PIC formation,
Indeed, one can envision various more complex models
invoking elements of both models operating on a gene.

RNA MOLECULES ARE USUALLY
PROCESSED BEFORE THEY
BECOME FUNCTIONAL

In prokaryotic organisms, the primary transcripts of
mBRNA-cncoding genes begin to serve as translation
templates even before their transcripoion has been com-
pleted. This is because the site of transcription is not
compartmentalized into a nucleus as it is in cukaryotic
organisms. Thus, transcription and translation arc cou-
pled in prokaryotic cells. Conscquently, prokaryotic
mRNAs are subjected to little processing prior to carry-
ing out their intended function in procein synchesis. In-
decd, appropriate regulanion of some genes (g, the Tip
operon) relics upon this coupling of transcription and
eranslation. Prokaryoric tRNA and (RNA molecules are
transcribed in units considerably longer than the uld-
mate molecule, In fact, many of the tRNA transcription
units contain more than onc molecule. Thus, in
prokaryoces the processing of these rRNA and (RNA

precursar molecules is required for the generation of
the mature functional molecules.

Mearly all eukaryotic RNA primary transcripts un-
dergo extensive processing between the time they are
synthesized and the tme at which they serve their ult-
mate function, whether it be as mRNA or as a com-
ponent of the translation machinery such as rRNA,
35 RNA, or tRNA or RNA processing machinery,
snRNAs, Processing occurs primarily within the nu-
cleus and includes nucleolytic cleavage to smaller mole-
cules and coupled nucleolytic and ligation reactions
{splicing of exons). In mammalian cclls, 50-75% of
the nuclear RNA does not contribute to the cytoplas-
mic mRNA. This nuclear RNA loss is significantdy
greater than can be reasonably accounted for by the loss
of intervening sequences alone (see below). Thus, the
exact function of the scemingly excessive transeripts in
the nucleus of a mammalian eell is not known.

The Coding Portions (Exons)
of Most Eukaryotic Genes
Are Interrupted by Introns

Interspersed within the amino acid-coding portions
{exons) of many genes arc long sequences of DINA that
do not contribute to the genetic information ultimacely
translated into the amino acid sequence of a prorein
molecule (see Chaprer 36). In fact, these sequences ac-
tually interrupt the coding region of structural genes.
These intervening sequences (introns) cxist within
most but not all mRNA encoding genes of higher eu-
karyores. The primary transcripes of the strucrural genes
contain RNA complementary to the interspersed se-
quences, However, the intron BMNA sequences are
cleaved out of the wanscripe, and the exons of the tran-
script are appropriately spliced together in the nuclens
before the resulting mRMA molecule appears in the cy-
toplasm for translacion (Figures 37-11 and 37-112).
One speculation is that exons, which often encode an
activity domain of a protein, represent a convenient
means of shuffling genetic information, permitting or-
ganisms to quickly test the results of combining novel
protein functional domains,

Introns Are Removed & Exons
Are Spliced Together

The mechanisms wherehy introns are removed from
the primary transcript in the nucleus, cxons are ligated
to form the mRNA molecule, and the mRNA molecule
is transported to the cytoplasm arc being clucidared.
Four different splicing reaction mechanisms have been
described, The one most frequently used in cukaryotic
cells is described below, Although the sequences of nu-
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& Cap

Exon 2

1
-G %A—G |—/,.f— A 3 Primary transcript
/‘_—-\\.ﬁ G |-/,,£— A Mutleaphilic alfack

&t 5 end of Intron

~-0H Cp. G |—,/f— A, Lariat formation
=3 |—/frn.. Cut at 3 end of infron

Ligation of 3" end of axon
112 5 end of exon 2

Introa iz digested

Figure 37-11. The pracessing of the primary transcript to mRMA, In this hy-
pothetical transcript, the 5 (left) end of the intron is cut (1) and a lariat forms
between the G at the 5" end of the intron and an A near the 3’ end, in the con-
sensus sequence WACUAAC, This sequence is called the branch site, and it is the
3" most A that forms the 5°-2' bond with the G. The 3 {right) end of the intron is
then cut (). This releases the lariat, which is digested, and exon 1 is joined to

exon 2 at Gresidues,

cleotides in the introns of the various eukaryotic tran-
scripes—and even those within a single transcripr—are
quite heterogencous, there are reasonably conserved se-
quences ar each of the two exon-intron (splice) junc-
tions and at the branch site, which is locared 2040 nu-
cleotides upstream from che 3" splice site (see consensus
sequences in Figure 37-12). A special structure, the

spliceosome, is involved in converting the primary

transcripr into mBEMNA, Spliceosomes consist of the pri-

A

5 ———f——{ AG |G| uarcU ————

C

¥ Consansus sequences N

UACUAAC 26-37 nuclectides ¢ [AB [G]—/4——3'

mary transcripe, five small nuclear RNAs (U1, U2, Us,
U4, and U6} and more than 60 proteins, Collectively,
these form a small nucleoprotein (snRNP) complex,
sometimes called a “snurp.” It is likely thac this penra-
snRMNP spliceosome forms prior to interaction with
mRMNA precursors, Snurps are thoughr to position the
RINA segments for the necessary splicing reacrions. The
splicing reaction stares with a cur ar the juncrion of the
5" exon (donor or left) and inron (Figure 37=11). This

Intron »| Exon &

5 Exon |-

Figure 37-12,

Consensus sequences at splice junctions, The 5" (donor or left) and 37 (ac-

ceptor ar right) sequences are shown. Also shown is the yeast consensus sequence
(UACUAAC) for the branch site. In mammalian cells, this consensus sequence is PyNPyPy-
PusPy, where Py is a pyrimidine, Pu is a puring, and N is any nucleatide, The branch site is lo-
cated 20-40 nucleotides upstream from the 3° site,
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15 accomplished by a nucleophilic atack by an adenylyl
residue in the branch point sequence located just up-
stream from the 3° end of this intron. The Free 57 termi-
nal then forms a luup or lariar structure that s linked
by an unusual 5-2' phosphodiester bond to the reac-
tive A in the PyNPyPyPulPy branch site sequence
(Figure 37-12), ["l'm n:lcn}fivl residue s r}']'.ucall}r lo-
cated 28-37 nucleotides upstream from the 3" end of
the intron being removed. The branch site identifies
the 3’ splice site. A sccond cut is made ar the junction
of the intron with the 3" exon {(donor on ngl'lr] In this
second transesterification reaction, the 3° hydroxyl of
the upstream exon atacks the 5 PI‘I{?EP[‘!'IHT at the
downstream  exon-intron boundary, and  the lariac
structure containing the intron is released and hy-
drolyzed. The 5" and 3" exans are ligated to form a con-
FIMUOUS Sequence,

The snRNAs and associated proteins are required
for formation of the various structures and intermedi-
ates, U within the snRNF complex binds first by base
pairing to the 5° exon-intron boundary. U2 within the
anNF cnrnp|cx t]'u:'n hirld.q hy ['la.l:l: pai.ring it tl'H.:
branch site, and this exposes the nucleophilic A residue,
Us/U4/U6 within the snBRNTI' complex mediates an
ATP-dependent protein-mediated unwinding that re-
sules in disruption of the base-paired U4-U6 camplex
with the release of U4, U6 is then able to interact frse
with U2, then with UT, These interactions serve o ap-
proximate the 5 splice site, the branch point with ies
reactive A, and the 37 splice site, This alignment is en-
hanced by U5, This process also resules in the forma-
tion of the loop or lariar structure, The two ends are
cleaved, probably by the U2-Ub within the snRNP
complex, UG is certainly essential, since yeasts deficient
in this snRNA are not viable. It is imporzant to note
that RNA serves as the catalytic agent. This sequence is
then repeated in genes containing multiple introns. In
such cases, a definite pattern is followed for cach gene,
and the introns are not necessarily removed in se-
guence—I1, then 2, then 3, erc.

The relationship between hnRNA and the corre-
sponding mature mRNA in cukaryotic cells is now ap-
parent. The hnRNA molecules are the primary tran-
seripts plus their early processed products, whi:ﬁ, after
the addition of caps and poly(A) tails and removal of
the portion corresponding to the introns, are trans-
ported to the cytoplasm as marure mRNA molecules,

Alternative Splicing Provides
for Different mRNAs

The processing of hnRNA molecules is a site for reg-
ulation of gene expression. Alternative parcerns of
ENA splicing resule from tissuc-specific adaprive and
developmental  contral  mechanisms. As mentioned

ahove, the sequence of exon-intron splicing events gen-
erally follows a hicrarchical arder for a given gene, The
fact that very complex RNA structures are formed dur-
|ng splicing—and that a number of snBMNAs and pro-
teins arc involved—atfords numerous possibilities for a
change of this order and for the generation of different
mBNAs. Similarly, the use of alternative termination-
cleavage-polyadenylation sites also resules in mRNA
heterogeneity.  Some  schematic examples of  these
FrﬂLﬁH‘.ﬁ :’l" DF “]'I.lch eCCur '||'| nature, are Qhuwﬂ n
Figure 37-13.

Faulty splicing can cause disease. Av least one
form of B-thalassemia, a discase in which the f-globin
Efrlf nf htmng]nhin 'i$ if'.’-:.‘rr:l}-‘ um:]frr,‘xp ri,'_!ﬁr,'d.. :IFP‘::F.\C
to result from a nucleotide change ar an exon-intron
junction, precluding removal of the intron and there-
fore leading to diminished or absent synthesis of the
ﬁ-chﬂ'il'l Fmr{'lln. Thiﬂ 'i.ﬂ A cnrl.ﬁcl:]ur_'nl:c: ﬂF rhc‘ FJ.E' TI'I ag
the normal wranslation reading frame of the mRNA is
disrupted—a defect in this fundamental process (splic-
ing) that underscores the accuracy which the process of
J{Nﬁ—itN.’ﬁl T}':l]'i:lrl.g Musc “Chiﬂc.

Alternative Promoter Utilization
Provides a Form of Regulation

Tissue-specific regularion of gene expression can be
provided by control elements in the promoter or by the

mAMA pracursor

21 rauan—aauvaa—ia,

Selective splicing

MUAP.—*MU.AH— (A

Alternative 5" donor gite

O B-ssr-si—in

Alternative 3 acceptor sile

G B E-mom— s,

Alternative polyadenylation site

T TN

Figure 37-13. Maechanisms of alternative process-
ing of mRMA precursars. This form of RNA processing
involves the selective inclusion or exclusion of exons,
the use of altermative 5" donor or 3" acceptor sites, and
the use of different polyadenylation sites.
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use of alternative promoters. The glucokinase (G
gene consists of ten exons interrupeed by nine introns.
The sequence of exons 2-10 15 identical in liver and
pancreatic B eells, the primary assues in which GK pro-
tein is expressed. Expression of the GR gene is regulated
very differently—by twa different promoters—in these
two tissues. The hiver promater and exon 1L are located
near exons 2-10; exon 1L is ligated directly to exon 2.
In contrast, the pancreatic B cell promoter is locared
about 30 kbp upstream. In this case, the 3" boundary of
exon 1B is ligated to the g boundary of exon 2. The
liver promoter and exon 1L are excluded and removed
during the splicing reaction (see Figure 37-14), The ex-
istence of multple distinct promaters allows for cell-
and tissue-specific expression patterns of a particular
gene (mBENA).

Both Ribosomal RNAs & Most
Transfer RNAs Are Processed
From Larger Precursors

In mammalian cells, the three (BNA molecules are
transcribed as pare of a single large precursor molecule.
The precursor is subsequently processed in the nu-
cleolus to provide the RNA component for the ribo-
some subunits found in the ortoplasm. The rRMNA
genes are located i the nucleoli of mammalian cells.
Hundreds of copics of these genes are present in every
c¢|l This large nurnhcr of genes is required to synthe-
size suthcient copies of each type of tRNA to form the
107 ribosomes required for cach cell repllr_atlun
Whereas a single mBNA molecule may be copicd inwm
107 protein molecules, providing a large amplification,
the rRNAs are end praduces. This lack of amplification
chui:rr:s a |:|.rgr_' number of genes, Stmilarly, transfer
BMAs are often synthesized as precursors, with exera se-
quences both 5" and 37 of the sequences comprising the

mature tRMNA. A small fraction of tRMNAs even contain
'intanllu.

RNAS CAN BE EXTENSIVELY MODIFIED

Essentially all RMAs are covalendy modified afrer tran-
scriprion. It is clear thar at least some of these modifica-
tiens are regulatory,

Messenger RNA (mRNA) Is Modified
atthe 5" & 3’ Ends

As mentoned above, mammalian mENA molecules
contain a 7-methylguanesine cap structure ac their §°
terminal, and most have a poly(A) tail at the 3" wermi-
nal, The cap structure is added to the 5° end of the
newly transcribed mBRNA  precursor in the nucleus
prior w transport of the mENA molecule w0 the cyo-
plasm, The 5" cap of the RNA transcript is required
both for efficient translation initiation and protection
af the 5° end of mRNA from attack by 5 = 3 exonu-
cleases, The secondary methylations of mBNA mole-
cules, those on the 2“hydroxy and the N* of adenylyl
residues, occur after the mRNA molecule has appeared
in the cytoplasm.

Paly(A) tails are added to the 3 end of mRNA mol-
ccules 12 pnsttr;tnscriptinnﬂ Pmcrssing step. The
mBNA s first cleaved abour 20 nudeotides down-
stream from an AAUAA recogninion sequence. Another
enzyme, poly(A) polymerase, adds a poly{A) @il which
15 subsequently extended to as many as 2000 A residues.
The poly(A) tail appears to protect the 3" end of
mBNA from 3" = 5" exonuclease arack. The presence
ar absence of the poly(A) @il does not determine
whether a precursor molecule in the nucleus appears in
the cytoplasm, because all poly(A)-tailed hnRNA mole-
cules do not contribute to cyroplasmic mRNA, nor do
all eytoplasmic mRNA melecules contain poly(A) tails

1B iL

Figure 37-14. Alternative promoter use in the liver and pancreatic B cell glucokinase
genes, Differential regulation of the glucokinase (GK) gene is accomplished by the use of
tissue-specific promoters. The B cell GK gene promoter and exon 1B are located about
30 kbp upstream from the liver promoter and exon 1L Each promater has a unigque
structure and is regulated differently, Exons 2-10 are identical in the two genes, and the
GK proteins encoded by the liver and B cell mRMAs have identical kinetic properties,
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(the histones are most notable in this regard). Cytoplas-
mic enzymes in mammalian cells can boch add and re-
mave adf.'n].rlj.rl residues from the pnly{.-ﬂl.} tails: this
process has been associated with an alteration of mEMNA
stability and translatability,

The size of some cytoplasmic mBRNA molecules,
even after the polylA) il is removed, 15 sull consider-
ably greater than the size required to code for the spe-
cific protein for which ic 15 a template, often by a factor
of 2 or 3, The extra nucleotides occur in untrans-
lated (non-protein coding) regions both 5" and 37 of
the coding region; the longest untranslated sequences
are usually ar the 3" end. The exact function of these se-
quences is unknown, but they have been implicated in
RMNA processing, transport, degradation, and transla-
tion; each of these reactions potentially contribuces ad-
ditional levels of contral of gene expression,

RMA Editing Changes mRNA
After Transcription

The central dogma stares thar for a given gene and gene
product there is a linear relationship berween the cod-
ing sequence in DNA, the mENA sequence, and the
protein sequence (Figure 36-7). Changes in the DNA
sequence should be reflected in a change in the mRMNA
sequence and, depending on codon usage, in prorein se-
quence. However, exceptions to this dogma have been
recently documented. Coding information can be
changed ar the mRNA level by RMNA editing. In such
cases, the coding sequence of the mRNA differs from
that in the cognate DNA. An example is the apolipo-
protein B {apeB) gene and mRNA. In liver, the single
apoB gene is transcribed into an mBNA thar direcrs the
synthesis of a 100-kDa prorein, apoB100. In the intes-
tine, the same gene directs the synthesis of the primary
transcript; however, a cytidine deaminase converts a
CAA codon in the mRNA o UAA at a single specific
site. Rather than encoding glutamine, this codon be-
comes a termination signal, and a 48-kDa prowein
{apoB48) is the result. ApoB100 and apoB48 have dif-
ferent functions in the owo organs. A growing number
of other examples include a plutamine to arginine
change in the gluamare recepror and several changes
in trvpanosome mitochondrial mRNAs, generally in-
volving the additon or deletion of uridine. The exact
extent of RMA editing is unknown, bur current esci-
mates suggest that < 0.01% of mRNAs are edited in
this fashion.

Transfer RNA (tRNA) Is Extensively
Processed & Modified

As described in Chapters 35 and 38, the tRNA mole-
cules serve as adaprer molecules for the translation of

mRNA into protein sequences. The tRNAs contain
many modifications of the standard bases A, U, G, and
C., including methylation, reduction, deamination, and
rearranged  glycosidic bonds. Further modification of
the tRNA molecules includes nucleatide alkylations
and the attachment of the characteristic CpCpAOH ter-
minal at the 3 end of the molecule by the enzyme nu-
cleotidy] transferase. The 3" OH of the A ribose is the
point of acachment for the specific amino acid thar is
to enter into the polymerization reaction of protein
synthesis. The methylation of mammalian tRNA pre-
cursors probably occurs in the nucleus, whereas the
cleavage and attachment of CpUpACH are cytoplasmic
functions, since the terminals tum over more mapidly
than do the tRNA molecules themselves, Ensymes
within the cytoplasm of mammalian cells are required
for the attachment of amine acids to the CpCpAcH
residues, (See Chapter 38.)

RNA CAN ACT A5 A CATALYST

In addidon w the caralytc action served by the
snBNAs in the formarion of mRNA, several other
enzymatic functions have been arributed 1w RNA
Ribozymes arc BNA molecules with caralyric acrivicy,
These generally involve transesterification reactions,
and most are concerned with RNA metabolism (splic-
ing and endoribonuclease). Recently, a ribosomal RNA
component was noted to hydrolyze an aminoacyl ester
and thus to play a cenrral role in peptide bond function
{peptidyl transferases; see Chapeer 38). These observa-
tions, made in organclles from plants, yeast, viruses,
and higher cukaryoric cells, show that RNA can act as
an enzyme. This has revolutionized thinking abour en-
zyme action and the origin of life iwself.

SUMMARY

= RNA is synthesized from a DMA emplace by the en-
zyme RNA polymerase,

* There are three distiner nuclear DNA-dependent

olymerases in mammals: RNA palymerases [,

11, a.m.{JIII. These enzymes control the transcriptional
funcrion—the transeription of tRNA, mRNA, and
small RNA ((RNA/SS fRNA, snRNA) genes, respec-
li"u"t'l}r.

= BNA polymerases interact with unique cé-active re-
gions of genes, rermed promaorers, in order to form
preinitiation complexes (P1Cs) capable of initiation,
In eukaryores the process of PIC formation is facili-
tated by muliple general rranseription facrors
{GTFs), TFIIA, B, D, E, F, and 1.

= Eukaryotic PIC formation can occur cither step-
wise—by the sequenual, ordered interactions of
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GTFs and RNA polymerase with promoters—or in
one step by the recognition of the promater by a pre-
formed GTF-RNA polymersse holoenzyme complex.
Transcription exhibirs three phases: initiation, elon-
gation, and termination. All are dependent upon dis-
tinct DMA cis-elements and can be modurared by
distinee srans-acting prorein faceors.

Muost cukarvotic RNAs are synthesized as precursors
that contain cxcess sequences which arc removed
prior to the generation of mature, funcional RNA,
Eukaryoric mRNA synthess results in a pre-mRNA
precursor that containg extensive amounts of cxcess
BMNA (introns) that must be precisely removed by
BMNA splicing to generate funcrional, translatable
mBNA composed of exonic coding and noncoding
sequences.

All steps—from changes in DINA remplare, sequence,
and accessibility in chromartin to RNA stability—are
subject to modulation and hence are porential con-
trol sites for eukaryotic gene regulation.
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Protein Synthesis & the

Genetic Code

Daryl K. Granner, MD

BIOMEDICAL IMPORTANCE

The lewers A, G, T, and C correspond o the nu-
cleotides found in DNA. They are organized into three-
letter code words called codens, and the collecrion of
these codons makes up the genetic code. [t was impos-
sible to understand protein synthesis—or 1 explain
mutations—before the genetic code was elucidared.
The code provides a foundarion for explaining the way
in which protein defects may cause generic disease and
for the diagnosis and perhaps the weamment of these
disorders, In addition, the pathophysiology of many
viral infections is related to the ability of these agents o
disrupt host cell protein synthesis. Many antibacrerial
agenes are effective because they selectively disrupr pro-
tein synthesis in the invading bacrerial cell but do not
affect protein synthesis in eukaryoric cells.

GEMETIC INFORMATION FLOWS
FROM DNA TO RNA TO PROTEIN

The geneuc information within the nucleotide e
uence of DNA is transcribed in the nucleus inte the
:ip-l.tiﬁc nucleotide sequence af an BNA molecule, The
:imlu.:ncc uil nucleotides in the RNA lranstripi i5 Com-
plementary wo the nucleotide sequence of the wemplare
strand of its gene in accordance with the haﬁc-pajring
rules. Several different classes of RNA combine o di-
rect Ll'u: _l;j.'m]'u_'sis :erfulcins.

In prokaryores there is a linear correspondence be-
wween the pene, the messenger RNA (mRNA) tran-
scribed from the gene, and the pn] ]fgptld-; [:rrmlm_t
The sitwation is more complicated in ghtr cukarvotic
cells, in which the primary transeript is much larger
than the mature mRMNA. The large mRNA precursors
contain coding regions {exons) that will form the ma-
ture mRNA and ong intervening sequences {introns)
that separate the exons. The hnBMNA s processed
within the nucleus, and the introns, which often make
up much more of this BNA than the exons, are re
maoved. Exons are Lp]lr_'r_':l together 1o form mature
mBNA, which is transported to the cyroplasm, where it
is translated into protein,
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The cell must possess the machinery necessary to
translate information accurately and efficiently from
the nucleotide sequence of an mRINA into the sequence
al amino acids of the cortesponding specific protein,
Clarification of our understanding of this process,
which is rermed translation, awaited deciphering af the
genetic code, It was realized early that mENA maole-
cules themselves have no affinity for amine acids and,
therefore, that the translaton of the information in the
mBEMNA nucleotde sequence into the amino acid se-
quence of a protein requires an intermediate adapter
molecule, This :dzpttr mu]ﬂ_uh: miuist r::c.'ugnu.t 1 spe-
cific nucleotide sequence on the one hand as well as a
.‘il]-l:l'_'iﬁc amino acid on the other. With such an :n.{a'}[rr
molecule, the cell can direct a specific amine acid into
the Eml.ﬂ.-r :\ﬂ:lu:nti.al Puslliuh n!' i prm:ln during its
synthesis as dictated by the nucleotide sequence of the
specific mBNA. In fact, the funcrional groups of the
aming acids do not themselves actually come into con-

tact with the mBNA template,

THE NUCLEOTIDE SEQUENCE

OF AN mRNA MOLECULE CONSISTS

OF A SERIES OF CODONS THAT SPECIFY
THE AMINO ACID SEQUEMCE OF THE
ENCODED PROTEIN

Twenty differenr amino acids are required for the syn-
thesis of the cellular complement of proteins; thus,
there must be ar least 20 distiner codons that make up
the genetic code. Since there are only four different nu-
cleotides in mRNA, each codon must consist of more
than a single purine or pyrimidine nuclcotide, Codons
consisting of two nucleotides cach could provide for
only 16 (4*) specific codons, whereas codons of three
nucleotides could provide 64 (4") specific codons.

It is now known that each codon consists of a se-
quence of three nucleorides; ic, it is a triplet code
{sec Table 38-1). The deciphering of the genetic code
depended heavily on the chemical synthesis of nu-
cleotide polymers, particularly triplets in repeared se-
quence.



Table 38-1. The genetic code (codon
assignments in mammalian messenger RNA).'

First Second Third
Nucleotide Mucleotide Mucleotide
uic|a | e

iPhe | 5 Tyr | Cys u
{Phe i Ser | Tyr | Cys C
U iLeu | Ser | Term | Term’ A
iLeu :5Ef Termi Trp G
iLeu {Pro | His | Arg u
iLeu |FPro |His | Arg €
C iLeu |Pro | Gin | Arg A
{Leu | Pro | Gin | Arg G
§||E' ' Thr | Asn | Ser U
e iThr Asn | Ser C
A e (Thr ilys | Arg’ A
{Met | Thr |Lys | Arg’ G
:'u’al {4l | Asp | Gly 1]
Val [Ala | Asp | Gly C
G 'Wal | Ala | Glu Gly A
‘-'u’al :ﬁ.la Glu =Glg.l G

"The terms first, second, and third nuclectide refer to the Indi-
vidual nucleotides of a triplet codon. U, uridine nucleotide;
. oytosine nucleotide; A, adenine nuclectide; G, guaning nu-
cleatide; Term, chain terminatar cadan. AUG, which codes for
Met, serves as the initiator codon in mammalian cells and en-
codes for internal methionines in a protein, (Abbreviations of
amino acids are explained in Chapter 3.)

*In mammalian mitochondria, AUA codes for Met and UGA for
Trp, and AGA and AGG serve as chain terminators.

THE GENETIC CODE IS DEGENERATE,
UNAMBIGUOUS, NONOVERLAPPING,
WITHOUT PUNCTUATION, & UNIVERSAL

Three of the 64 possible codons do not code for specific
amino acids; these have been termed nonsense codons.
These nonsense codons are urilized in the cell as termi-
nation signals; they specity where the polymerization
of amino acwds into a protein malecule is to stop. The
remaining 61 codons code for 20 amino acids (Table
38-1). Thus, there must be "lil:gcm‘.'ralzy" in the ge-
netic code—ie, multiple codons must decode the same
amino acid. Some amino acids are encoded by several
codons; for example, siv different codons specity serine.
Other amino acids, such as methionine and trypro-
phan, have a unglr codon. In general, the third nu-
clentide in a codon 15 less | impaortant than che first two
in determining the specific amino acid o be incorpo-
rated, and this accounts for most of the degeneracy of
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the code. However, for any specific codon, only a single
amino acid is indicated; with rare exceprions, the ge-
netic code is unambiguous—ic, given a specific codon,
only a single amino acid is indicated. The distinction
berween ambiguity and degeneracy is an important
concep.

The unambiguous bur degenerate code can be ex-
plained in molecular terms. The recognition of specific
codons in the mENA by the t(RNA adaprer molecules is
dependent upen their anticodon region and specific
basc-pairing rules. Each (RNA molecule contains a spe-
cific sequence, complementary to a codon, which is
termed its anticodon, For a given codon in the mRNA,
only a single species of (RNA molecule possesses the
proper anticodon. Since each tRNA molecule can be
charged with only one specific amino acid, each codon
therefore specifies only one amino acid. However, some
tBNA molecules can urilize the anticodon o recognize
more than one codon. With few exceptions, given a
specific codon, only a specific amino acid will be in-
corporated—although, given a specific amino acid,
more than one codon may be used.

As discussed below, the reading of the genetic code
during the process of protein synthesis does nor involve
any overlap of codons. Thus, the genetic code is
nonoverlapping. Furthermore, once the reading is
commenced ar a specific codon, there is no punctua-
tion berween codons, and the message is read in a con-
tinuing sequence of nucleotide wriplers uncil a tansla-
tion stop codon is reached.

Unril recently, the genetic code was thoughe to be
universal. It has now been shown thar the ser of tRNA
molecules in mitochondria (which conain their own
separate and distince set of ranslation machinery) from
lower and higher eukaryotes, including humans, reads
four codons differently from the tRNA molecules in
the cytoplasm of even the same cells. As noted in Table
38-1, the codon AUA is read as Mer, and UGA codes
for Trp in mammalian mitochondria, In addition, in
mitochondria, the codons AGA and AGG are read as
stop or chain terminator codons rather than as Arg. As
a result, mitochondria require only 22 (RNA molecules
to read their genetic code, whereas the cytoplasmic
translarion system possesses a full complement of 31
tRINA species. These exceptions noted, the genetic
code is universal. The frequency of use of each amino
acid codon varies considerably berween species and
among different tissues within a species, The specific
tRNA levels generally mirror these codon usage biases.
Thus, a particular abundantdy used codon is decoded
bya simiﬁn’l}r abundant specific tRINA which recognizes
thar particular codon. Tables of codon usage are be-
cOming more accurdte as more genes are sequenced.
This is of considerable importance because investigators
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Table 38-2. Features of the genetic code.

+ [Degenerate

* Unambiguous
+ Nonoverlapping
+ Mot punctuated
« Universal

often need w0 deduce mENA structure from the pri-
mary sequence of a portion of protein in order to syn-
thesize an oligonucleotide probe and initiate a recombi-
nant DNA cloning project, The main features of the
genetic code are listed in Table 38-2.

AT LEAST ONE SPECIES OF TRANSFER
RNA (tRNA) EXISTS FOR EACH OF THE
20 AMINO ACIDS

tRMA molecules have extraordinarily similar funcrions
and three-dimensional strucoures. The adaprer function
of the t(RNA molecules requires the charging of each
specific t(RNA with it specific amino acid. Since there
is no affinicy of nucleic acids for specific funcrional
groups of amino acids, this recogniton must be carried
our by a protein molecule capable of recognizing both a
specific (RNA molecule and a specific amine acid. Ar
least 20 specific enzymes are required for these specific
recognition funchons and for the proper attachment of
the 20 amino acids to specific tRNA molecules. The
process of recognition and awachment (charging)
proceeds in two steps by one enzyme for each of the 20
amino acids. These enzymes are termed aminoacyl-

tRNA synthetases. They form an activated intermedi-
ate of aminoacyl-AMP-enzyme complex (Figure 38-1).
The specific aminoacyl-AMP-enzvme complex then
recognizes a specific tRNA o which it attaches the
aminoacyl moiery ar the 3-hydroxyl adenosyl rerminal,
The charging reactions have an error rate of less than
107 and so are extremely accurate. The amino acid re-
mains attached to its specific tRNA in an ester linkage
until it is polymerized at a specific position in the fabri-
cation of a polypeptide precursor of a protein molecule.

The regions of the t(RNA molecule referred to in
Chapter 35 (and illustrared in Figure 35-11) now be-
come imporant. The thymidine-pseudouridine-cyti-
dine {T%C) arm is involved in binding of the amino-
acyl-tRNA o the ribosomal surface ar the site of
protein synthesis. The I arm is one of the sites impor-
tant for the proper recognition of a given tRNA species
by its proper aminoacyl-tRNA syntherase. The accepror
arm, locared ar the 3'-hydroxyl adenosyl terminal, is the
site of attachment of the specific amino acid.

The anticodon region consises of seven nucleotides,
and it recognizes the chree-letter codon in mRNA (Fig-
ure 38-2). The sequence read from the 3’ to 5" direc-
tion in thar anticodon loop consists of a variable
base-modified  purine-XYZ-pyrimidine-pyrimidine-
5’ Note that this direction of reading the anticedon is
3 1w 5, whereas the generic code in Table 38-1 is read
5" to 3", since the codon and the anticodon loop of the
mBNA and (RNA molecules, respectively, are antipar-
allel in their complementarity just like all other inter-
molecular interactions berween nucleic acid strands,

The degeneracy of the generic code resides mostly in
the last nucleotide of the codon tripler, suggesting thar
the base pairing berween this last nucleotide and the
corresponding nucleotide of the anticodon is not strictly

ATP PP, AMP + Enz
n L#]
I} il
HOQC —HC —A Enz = Adenosing =0 —P—0—C—CH—R
J I I
HN OH MH
Enzyme (Enz) EnzeAMP-a1 1AM IR 11
{Activated amina acid)
ARINOACYL-
Aming acid |aa) EANA SYNTHETASE Aminoacyl-AMP-enzyme Amincacyl-tANA

Figure 38-1.

complex

Formation of aminoacyl-tRMA. A two-step reaction, invalving the enzyme

aminoacyl-tANA synthetase, results in the formation of aminoacyl-tRMA. The first reaction in-
volves the formation of an AMP-amino acid-enzyme complex. This activated amino acid is next
transferred to the corresponding tRMA molecule, The AMP and enzyme are released, and the lat-
ter can be reutilized. The charging reactions have an error rate of less than 107 and so are ex-

trernely accurate.
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Figure 38-2. Recognition of the codon by the anti-

codon. One of the codons for phenylalanine is UULL
tRMA charged with phenylalanine (Phe) has the com-
plementary sequence AAA; hence, it forms a base-pair
complex with the codon. The anticodon region typi-
cally consists of a sequence of seven nucleotides: vari-
able {N}, modified purine ((Pu?), X, ¥, Z, and two pyrim-
idinas (Py) in the 3" to 5 direction,

by the Wawmon-Crick rule. This is called wobble; che
pairing of the codon and anticodon can “wobble” at this
specific nucleotide-to-nucleotide pairing site. For exam-
ple. the two codons for arginine, AGA and AGG, can
bind o the same andoodon having a wracil ar its 5 end
(UCU). Similarly, three codons for glycine—GGU,
GGC, and GGA—can form a base pair from one anti-
codon. CCL 1 is an inosine nucleotide, another of the
peculiar bases appearing in tRNA molecules,

MUTATIONS RESULT WHEN CHANGES
OCCUR IN THE NUCLEOTIDE SEQUENCE

Although the initial change may not occur in the tem-
plate strand of the double-stranded DXNA molecule for
thar gene, after replicarion, daughter DNA molecules
with murtations in the wmplate scrand will segregate
and appear in the population of organisms,

Some Mutations Occur
by Base Substitution

.’Smg]q.- base chmgrs (point mutations) may be wansi-
tions or transversions. In the former, a given pyrimi-
dine is changed o the other pyrimidine or a given
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purine is changed to the other purine. Transversions are
changes from a purine o cither of the two pyrimidines
ot the change of a pyrimidine into cither of the two
purines, as shown in Figure 38-3.

If the nucleotide sequence of the gene conraining
the mutation is cranscribed into an RNA molecule,
then the RNA molecule will possess a complementary
base change at this corresponding locus.

Single-base changes in the mENA molecules may
have one of several cffects when translated into protein:

(1) There may be no detectable effect because of the
degeneracy of the code, This would be more likely if
the changed base in the mENA molecule were to be at
the third nucleotide of a codon; such mutations are
ofien referred 1o as silent mutations. Because of wob-
ble, the translation of a codon is least sensitve to a
change at the third positnon,

(2) A missense effect will occur when a differemt
amino acid is incorporated at the corresponding site in
the protein molecule, This mistaken amino acid—or
missense, depending upon its location in the specific
protein—might be acceprable, partially acceprable, or
unacceptable to the function of that protein molecule.
From a careful examination of the genetic code, one
can conclude that most single-base changes would re-
sult in the replacement of onc amino acid by another
with rather similar functional groups. This is an effec-
tive mechanism 1o avoid drastic change in the physical
properties of a protein molecule. If an acceprable mis-
sense cffect occurs, the resulting protein molecule may
not be distinguishable from the normal one. A partially
acceptable missense will result in a protein molecule
with partial but abnormal functon. If an unacceprable
missense effect occurs, then the protein molecule will
not be capable of functioning in its assigned role.

(3} A nonsense codon may appear that would then
result in the premarure termination of amino acid in-
corporation into a peptide chain and the production of
only a fragment of the intended protein molecule. The
probability is high that a prematurely terminated pro-
tein molecule or pepride fragment will not funcrion in
its assigned role,

T — Txﬁ F|.><"T
- G c G G C

Transversions

Transitions

Figure 38-3. Diagrammatic representation of transi-
tion mutations and transversion mutations,
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Hemoglobin lllustrates the Effects of
Single-Base Changes in Structural Genes

Some mutations have no apparent effect. The gene
system that encodes hemoglobin is one of the best-
HTI.H.IJI-L‘I'J i humans. The |:n:1r. nF l:ﬂ'-i:‘i:l‘ nf a sing]c-[ja.ur:
change is demonstrable only by sequencing the nu-
cleotides in the mENA molecules or structural genes,
The sequencing of a large number of hemoglobin
mRN;"L\ ;l]'l.d E‘.‘nﬁ Frﬂm m.:l.rl"r" iﬂdi"\l’iﬂluﬂlq ]'l:lﬁ 5"“}“'!1.
that the codon for valine at position 67 of the [ chain
of hemaglobin is not identical in all persons who pos-
5055 A normall}r funcrional B chain of hcmugl:ﬂ'ﬁn. He-
acid; hemoglobin Bristol contains aspartic acid ar posi-
tion 67, In order to account for the amino acid change
by the change of a single nucleatide residue in the
caodon for amine acid 67, one must infer that the
mBNA encoding hemoglobin Bristol possessed a GUU
or GUC codon prior o a later change w GAU or
GAC, both codons for aspartic acid. However, the
mBNA encoding hemoglabin Milwaukee would have

to possess at position 67 a codon GUA or GUG in
order that a single nucleotide change could provide for
the appearance of the glutamic acid codons GAA or
GAG. Hemoglobin 5ydney, which contains an alanine
at position 67, could have arisen by the change of 4 sin-
gle nucleotide in any of the four codons for valine
(GUU, GUC, GUA, or GUG) to the alanine codons
(GCU, GOCC, GCA, or GUG, rcspcctivcly}.

Substitution of Amino Acids Causes
Missense Mutations

A. AccepTabsLE Missense MUTATIONS

An example of an acceptable missense mutation (Figure
384, rop) in the structural gene for the [§ chain of he-
moglobin could be detected by the presence of an elec-
trophoretically altered hemaoglobin in the red cells of an
apparently healthy individual, Hemoglobin Hikan has
been found in at least two familics of Japanese people,
This hemoglobin has asparagine substituted for lysine
at the 61 position in the [ chain. The corresponding

Prolain molecule Amind agid Codons
Hb A, [i chain &1 Lysina AAs or AAG
Acceptable
ittt
Hb Hikari, [i chain Asparaging AsL or AMC
Hib A, [i chain 6 Glutamate GAL or Gai
Partially
acceptable
Migsenss
Hb &, [ chain Valing GUA of Ee
Hi &, a chain 58 Histidine Caul or CAC
Unacceptable
rrilss ense
HB M (Boston), e chain Tyrosing AL of UAC

Figure 38-4.

Examples of three types of missense mutations resulting in abnormal hemogla-

bin chains. The amino acid alterations and possible alterations in the respective codons are indi-
cated. The hemoglobin Hikari [i-chain mutation has apparently normal physiologic properties
but is electrophoretically altered. Hemoglobin S has a [i-chain mutation and partial function; he-
moglobin 5 binds oxygen but precipitates when deoxygenated. Hemoglobhin M Boston, an
tt-chain mutation, permits the oxidation of the heme ferrous iron to the ferric state and so will

not bind oxygen at all,



transversion might be either AAA or AAG changed w
either AAU or AAC, The replacement of the specific ly-
sine with asparagine apparently does not aler the nor-
mal function of the § chain in these individuals.

B. ParmiALLY AccepTABLE MissensE MUTATIONS

A partially acceprable missense muration (Figure 384,
centet) is best exemplified by hemoglobin 5, which is
found in sickle cell anemia. Here gluramic acid, the
normal amino acid in position G of the P chain, has
been replaced by valine. The corresponding single nu-
cleotide change within the codon would be GAA or
GAG of gluramic acid o GUA or GUG of valine.
Clearly, this missense mutation hinders normal func-
tion and results in sickle cell anemia when the mutant
gene is present in the homozygous stare. The glura-
marte-to-valine change may be considered 1o be parcially
acceptable because hemoglobin S does bind ang release
oxvgen, although abnormally.

C. UnaccerTasLE Missense MUTATIONS

An unacceprable missense muration (Figure 384, bor-
tom) in a hemoglobin gene generates a nonfunctioning
hemoglobin molecule, For example, the hemoglobin M
mutations generate molecules that allow the Fe** of the
heme motety to be oxidized ro Fe™, producing methe-
moglobin, Methemoglobin cannot ransport oxygen
(see Chaprer 6).

Frameshift Mutations Result From

Deletion or Insertion of Nucleotides in
DMNA That Generates Altered mRNAs

The deletion of a single nucleotide from the coding
strand of a gene results in an altered reading frame in
the mRNA. The machinery translating the mRNA does
nat recognize that a base was missing, since there is no
punctuation in the reading of codons. Thus, a major al-
teration in the sequence of polymerized amino acids, as
depicted in example 1, Figure 38-5, resules, Aleering
the reading frame results in a garbled translation of the
mBMNA distal o the single nucleotide deletion, Not
only is the sequence of amino acids distal 1w this dele-
tion garbled, but reading of the message can also result
in the appearance of a nonsense codon and thus the
production of a polypeptide both garbled and prema-
turely terminated {example 3, Figure 38-3),

If three nucleotides or a multiple of three are deleted
from a coding region, the corresponding mBENA when
translated will provide a protein from which is missing
the corresponding number of amine acids {example 2,
Figure 38-35). Because the reading frame is a triplet, the
reading phase will not be disturbed for those codons
distal to the deletion, If, however, deletion of one or
two nucleotides occurs just prior to or within the nor-
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mal termination codon (nonsense codon), the reading
of the normal termination signal is disturbed. Such a
deletion might result in reading through a termination
signal untl another nonsense codon is encountered {ex-
ample 1, Figure 38-5). Examples of this phenomenon
arc described in discussions of hemoglobinopathies.
Insertions of one or two or nonmultiples of thiee nu-
cleotides into a gene result in an mBNA in which the
reading frame is distorted upon translartion, and the same
effects that occur with deledions are reflected in the
mRNA translation, This may result in garbled amino
acid sequences distal to the insertion and the generation
of 2 nensense codon at or distal to the insertion, or per-
haps reading through the normal rermination ccn:fnn.
Following a deletion in a gene, an inserton (or vice
versa) can reestablish the proper reading frame {exam-
ple 4, Figure 38-5). The corresponding mRNA, when
translared, would contain a garbled amino acid sequence
berween the insertion and deledion. Beyond the reestab-
lishment of the reading frame, the amino acid sequence
would be correct. One can imagine thar different coms-
binations of deletions, of insertions, or of both would
result in formation of a protein wherein a portion is ab-
normal, but this portion is surrounded by the normal
amino acid sequences. Such phenomena have been
demonstrated convincingly in a number of discases.

Suppressor Mutations Can Counteract
Some of the Effects of Missense,
Nonsense, & Frameshift Mutations

The above discussion of the altered protein products of
gene mutations is based on the presence of normally
functioning tRNA molecules, However, in prokaryotic
and lower cukaryotic organisms, abnormally function-
ing tRNA molecules have been discovered thatr are
themselves the results of murations. Some of these ab-
normal tRNA molecules are capable of binding to and
decoding altered codens, thereby suppressing the effects
of mutations in distant structural genes. These sup-
pressor tRNA molecules, usually formed as the result
of alterations in their anticodon regions, are capable of
SUppressing misscnse mMufations, nonsense mutations,
and frameshift mutations. However, since the suppres-
sor tRNA molecules are not capable of distinguishing
berween a normal codon and one resulting from a gene
murtation, their presence in a cell usually resules in de-
creased viability. For instance, the nonsense suppressor
tRMNA molecules can suppress the normal termination
signals to allow a read-through when it 15 not desirable.
Frameshift suppressor tRNA molecules may read a nor-
mal codon plus a component of a juxtaposed codon o
pravide a frameshift, also when it is not desirable, Sup-
pressor tRNA molecules may exist in mammalian cells,
since read-through transcription ocours,
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mRMA 5. UAG UUUG AUG GCC UCU UGC AAA  GGC  UAU AGU  AGU  UAG.. &
Polypeptide Ml = g = Saj=—— Cygm—— Lys —— (Gl = Tys ——Ses — Ser  STOP
Example 1 | Delation (~1} @
mRMA 5. UAG UUUG  AUG GCC  CUU GCA AAG GCU  AUA  GUA  GUU  AG.. &
Polypeptide I | e i e | 3 e 5y e Ay s T e | e | e 5 e
\,
v
Garbled
Example 2 | Daletion (- 3) @
mAMNA 5. UAG UUUG AUG GCC UCU  AAA  GGC  Ual  AGU  AGU UAG. 3
Palypeptide ] e | . 5 e |5 e [y e [ e S e S STOP
Example 3 [ Insertion (+1) GJ;ED
mBRMA 5. UAG UUUG  AUG GCC CUC UUG CAA  AGG CUA UAG UAG  UUAG. 3
Polypaptide I e | e | s | ) e (= Ay =L gy STOP
\ A
i
Garblad
Example 4 | Inserban (1]
P Deletion (-1} @ @
mBRMA 5. UAG  UUUG AUG  GCC  UCU UUG  GAA  AGG AGU  AGU  UAG. ¥
Polypeptide Fol ] ] !:.-u—L:u—Gln—Ar;—n 1 e EL STOP
J'
i
Garblad

Figure 38-5.

Examples of the effects of deletions and insertions in a gene on the sequence of the mRNA

transcript and of the polypeptide chain translated therefram. The arows indicate the sites of deletions or inser-
tions, and the numbers in the ovals indicate the number of nucleotide residues deleted or inserted. Blue tvpe

indicates amino acids in correct order,

LIKE TRANSCRIPTION, PROTEIN
SYNTHESIS CAN BE DESCRIBED
IN THREE PHASES: INITIATION,
ELONGATION, & TERMINATION

The general structural characteristies of rbosomes and
their self-aseembly process are discussed in Chaprer 37,
These particulate endties secve as the machinery on
which the mENA nucleotide sequence is eranslated into
ll'h: scqumu: l::li\ ETSIT acid_'{ ufl lhc sp-ur_'iﬁcd Pruh:'ln.

The transladon of the mRMNA commences near its 5°

terminal with the formation of the corresponding
amino terminal of the protein molecule. The message is
read from 5 o 3, concluding with the formation of
the carboxyl terminal of the protein. Again, the concepr
of polarity is apparent. As described in Chaprer 37, the
transcription of a gene into the carrﬁpondmg mRNA
or its precursor first forms the 57 rerminal of the RNA
molecule. In prokaryotes, this allows for the beginning
of mRNA wanslation before the transcription of the
gene is completed. In cukaryoric organisms, the process



of rranscription is a nuclear one; mBENA translation oc-
curs in the cytoplasm. This precludes simultancous
transcription and translation in cukaryotic organisms
and makes possible the processing necessary to generare
marure mRNA from the primary ranscript—hnRNA.

Initiation Involves Several Protein-RNA
Complexes (Figure 38-6)

[nitiation of prowein synthesis requires that an mENA
molecule be sclected for translation by a ribosome.
Once the mRMNA binds to the ribosome, the later finds
the correct reading frame on the mRNA, and transla-
tion begins, This process involves (RNA, rRNA,
mBMA, and ar least ten cukaryotic initiaton factors
{elFs), some of which have multiple {three to cight)
subunits. Also involved are GTP, ATP, and amino
acids. Initiation can be divided into four steps: (1) dis-
sociation of the ribosome into its 405 and 608 sub-
units; (2) binding of a ternary complex consisting of
met-tRMA', GTP, and clF-2 o the 405 ribosome w
form a preinitation complex; (3) binding of mRNA w
the 405 preinitiation complex to form a 435 initiation
complex; and (4) combination of the 435 initation
complex with the 605 ribosomal subunit to form the
B0S initiation complex,

A. RiosomaL DissoCIATION

Two imnation factors, €lF-3 and elF-1A, bind to the
n:wl}r dissociated 405 nbosomal subunie, This d:layﬁ
its reassociation with the 608 subunic and allows other
translation initiation factors to associate with the 408
subunit.

B. FormaTiON OF THE 435 PREINITIATION COMPLEX

The first step in this process involves the binding of
GTP by elF-2. This binary complex then binds to mer-
tRNA', a (RNA specifically involved in binding o the
initiation codon AUG. {There are rwo tRMNAs far me-
thionine, One specifies methionine for the inidaror
codon, the other for internal merhionines. Fach has a
unique nucleotide sequence.) This ternary complex
hinjs o the 405 ribosomal subunit to form the 435
preinitiation complex, which is stabilized by association
with eIF-3 and elF-1A.

elF-2 is one of two control points for protein syn-
thesis initiation in eukarvoric cells. elF-2 consists of
o, B, and ¥ subunis. elF-20t is phosphorylated {on
serine 51) by ac least four different protein kinases
{HCR, PKR, PERK, and GCN2) thar are activared
when a cell is under srress and when the energy expen-
diture required for protein synthesis would be deleteri-
ous. Such conditions include amino acid and glucose
starvarion, virus infection, misfolded proteins, serum
deprivarion, hyperosmolality, and hear shock. PKR is
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particularly interesting in this regard, This kinase is ac-
tivated by viruses and provides a host defense mecha-
nism that decreases protein synthesis, thereby inhibic-
ing wiral replication. Phosphorylated elF-2o0 binds
tightly to and inactivares the GTP-GDI recycling pro-
tein eIF-2B. This prevents formation of the 435 preini-
tiation complex and blocks protein synthesis.

C. FORMATION OF THE 435 INTIATION COMPLEX

The 5 terminals of most mRNA molecules in eukary-
otic cells are “capped,” as described in Chaprer 37. This
methyvl-guanosyl wiphosphate cap facilitares the bind-
ing of mEMNA 1o the 435 preinitation complex. A cap
binding protein complex, elF-4F (4F), which consists
of elF-4E and the elF-4G (4G)-elF4A (4A) complex,
binds to the cap through the 4E procein. Then elF-4A
{4A) and elF-4B (4B) bind and reduce the complex sec-
ondary structure of the 5 end of the mBRNA through
ATPase and ATP-dependent helicase activities. The as-
sociation of mEMNA with the 435 preinitiation complex
to form the 485 inidation complex requires ATP hy-
drolysis. elF-3 is a key protein because it binds with
high affinity to the 4G component of 4F, and it links
this complex to the 405 ribosomal subunit. Following
association of the 435 preinitiation complex with the
mBRNA cap and reduction ("melting”) of the secondary
structure near the 5 end of the mBNA, the complex
scans the mBMNA for a suitable inidation codon. Gener-
ally this is the 5"-most AUG, but the precise inidation
codon is derermined by so-called Kozak consensus se-
quences that surround the AUG:

-1 -1 o+

GCCA / GCCAUGG

Most preferred is the rresence of a purine at positions
-3 and +4 relarive o the AUG.

Biochemical and genetic experiments in yeast have re-
vealed thar the 3" poly(A) il and its binding protein,
Pablp, are required for efficient initation of prorein
synchesis. Further studies showed that the poly(A) il
stimulates recruitment of the 405 rihnmmafsubuni{ w
the mRNA through a complex ser of inreracrions.
Pablp, bound ro the poly(A) rail, interacts with elF-4G,
which in turn binds to elF-4E that is bound o the cap
structure. It is possible thar a circular sorucoare s
formed and char this helps direcr the 405 ribosomal
subunit to the 5 end of the mRNA. This helps explain
how the cap and poly(A} tail scructures have a synergis-
tic effect on protein synthesis. It appears thar a similar
mechanism is at work in mammalian cells.
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Figure 38-6. Diagrammatic representation of the initiation of protein synthesis on the mRNA template contain-
ing a5 cap (G™TP-5") and 3" poly(A) terminal [3(A),]. This process proceeds in three steps: (1) activation of mRNA;
(2} formation of the ternary complex consisting of tRNAmet, initlation factor elF-2, and GTP; and (3) formation of the
active 805 initiation complex. (See text for details.) GTF, & GDP, o, The various initiation factors appear in abbrevi-
ated form as circles or squares, eq, elF-3 (@), alF-4F ([4E]). 4F is a8 complex consisting of 4E and 4A bound to 4G (see
Figure 38-7). The constellation of protein factors and the 405 ribosomal subunit comprise the 435 preinitiation com-

plex. When bound to mRNA, this forms the 485 preinitiation complex.
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E. FormaTioN OF THE 805 Inmamion CoMPLEX

The binding of the 605 ribosomal subunit to che 485
initistion complex involves hydrolysis of the GTP
bound to eIF-2 by elF-5. This reaction results in release
af the initation factors bound to the 485 initiation
complex (these factors then are recycled) and the rapid
association of the 405 and 605 subunits o form the
BOS ribosome. At this point, the met-tRNA' is on the P
site of the nbosome, ready for the elongation cyele 1o
COMMEence.

The Regulation of elF-4E Controls
the Rate of Initiation

The 4F complex is particularly important in controlling
the rate of protein ranslation. As described above, 4T is
a complex consisting of 4E, which binds to the m'G
cap structure at the 5° end of the mRNA, and 4G,
which serves as a scaffolding protein. In addition two
binding 4E, 4G binds o eIF-3, which links the com-
plex to the 405 ribosomal subunit, It also binds 4A and
4B, the ATPasc-helicase complex that helps unwind the
RINA (Figure 38-7).

4E is responsible for recognition of the mBENA cp
structure, which is a rate-limiting step in translation.
This process is regulated at two levels. Insulin and mi-
togenic growth factors result in the phosphorylarion of
4F on ser 209 {or thr 210). Phosphorylated 4E binds o
the cap much mare avidly than docs the nonphospho-
rylated form, thus enhancing the rate of initiation. A
component of the MAP kinase pathway (see Figure
43-8) appears to be involved in this phosphorylation
reacton,

The activity of 4E is regulated in a second way, and
this also involves phosphorvlation. A recently discov-
ered ser of proteins bind o and inacrivate 4E. These
proteins include 4E-BP1 (BP1, also known as 'HAS-1)
and the closely relared proteins 4E-BP2 and 4E-BP3.
BP1 binds with high affinity to 4E. The [4E]#[BI’1] as-
sociation prevents 4E from binding to 4G (ro form 4F).
Since this interaction i5 essential for the binding of 4F
to the ribosomal 405 subunit and for correctly posi-
tioning this on the capped mRNA, BP-1 effectively in-
hibits translation initiation.

[nsulin and other growth factors result in the phos-
phorylation of BI-1 at five unique sites. Phosphoryla-
tion of BP-1 results in its dissociation from 4E, and it
cannot rebind unal crivical sives are dephosphorylated.
The protein kinase responsible has not been idencified,
but it appears to be different from the one that phos-
phorylates 4E. A kinase in the mammalian targer of
rapamycin (mTOR) pathway, perhaps mTOR ieself, is
involved. These effects on the activation of 4E explain
in part how insulin causes a marked posteranscriptional

PO,
PO,

Insulin
(kinasa
activation)

BlF-43

elF-4G &lF-4F
: Gormplhex
@ elF-44

PO,

Cap AUG = (A},

Figure 38-7. Activation of elF-4E by insulin and for-
mation of the cap binding elF-4F complex. The 4F-cap
mRNA complex is depicted as in Figure 38-6. The 4F
complex consists of elF-4E (4E), elF-4A, and elF-4G. 4E is
inactive when bound by one of a family of binding pro-
teins (4E-BF<). Insulin and mitogenic factors (eq, 1GF-1,
PDGF, interleukin-2, and angiotensin |1} activate a serine
protein kinase in the mTOR pathway, and this results in
the phosphorylation of 4E-BP_ Phosphorylated 4E-BP
dissociates from 4E, and the latter is then able to form
the 4F complex and bind to the mRMA cap. These
growth peptides also phosphorylate 4E itself by actival-
ing a component of the MAP kinase pathway. Phos-
phorylated 4E binds much more avidly to the cap than
does nonphosphorylated 4E.

increase u}'pmtcin .tiynrhtsi.-j in liver, url.ipnei: tissue, and
miscle.

Elongation Also Is a Multistep Process
(Figure 38-8)

Elongation is a cyclic process on the ribosome in which
one aming acld at a time is added to the nascene pepride
chain. The peptde sequence is determined by the order
of the codons in the mERNA. Elongation involves several
steps catalyzed by proteins called clongation factors (EFs).
These steps are (1) binding of aminoacyl-tRNA o the A
site, {2) pepride bond formation, and (3) translocation,
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A. Binping oF AMinoacyYL-TRNA To THE A SITE

In the complete BOS ribosome formed during the
process of initation, the A site (aminoacyl or acceptor
site] is free. The binding of the proper aminoacyl-
tRNA in the A site requires proper codon recognition,
Elongation Factor EF1A forms a ternary complex with
GTP and the entering aminoacyl-tRNA (Figure 358-8).
This complex then allows the aminoacyl-tBNA to enter
the A site with the release of FEF1A=GDP and phm-
Fhal::. GTP hydrolysis is catalyzed by an active site on
the rbosome. As shown in Figure 38-8, EFIA-GDP
then recycles to EF1A-GTT with the aid of ather solu-
ble protein factors and GTP,

B. PerTiDE BoND FORMATION

The tt-amino group of the new aminoacyl-tRNA in the
A site carries our a nucleophilic attack on the esterified
carbaxyl group of the peptidyl-tRNA occupying the P
site (peptidyl or polypeptide sice}. Ar initiation, this sice
is occupied by aminoacyl-tRNA met'. This reaction s
catalyzed by a peptidyltransferase, a component of the
285 RMA of the 605 ribosomal subunic. This is another
:ur.nph:' af ril:-:}?.yrm: ac!i:\rll].' and indicates an :irnpnr—
tant—and  previously unsuspected—direcr  role  for
EMNA 1n prowin synthesis (Table 38-3). Because the
aming acil on the aminoacyl-tRNA s already “acti-
'mr.t'd." no further encigy SOUTCE 15 n:{lui:n:d r{::r this re-
action. The reaction results in atachment of the grow-

ing peptide chain to the t(RNA in the A site.

C. TRANSLOCATION

The now d:uc}"lalﬂ] tRMNA s artached h}' its anticodon
to the I site at one end and by the open CCA tail w an
exit (E) site on the large ribosomal subunic (Figure
38-8). Ax dhus Fl-::lim. r.lungatiun factor 2 (EF2) binds
to and displacﬂi the P:ptldyl tRNA from the A site to
the P site. In mum, the deacylated (RINA is on the E site,
from which it leaves the ribosome, The EF2-GTP com-
plex is hydrolyzed o EF2-GDP, effectively moving the
mBEMNA forward hy ane codon and I:avihg the A sire
open. for occupancy by another rernary complex of
amino acid (RNA-EFIA-GTP and another cycle of

I:I‘}F!giﬂ:iﬂl‘l.

Figure 38-8. Diagrammatic representation of the peptide
elongation process of protein synthesis. The small circles la-
heled n - 1, n, n + 1, etc, represent the amino acid residues of
the newly formed protein molecule. EFIA and EFZ represent
elongation factors 1 and 2, respectively, The peptidyl-tRNA and
aminoacyl-tRMA sites on the ribosome are represented by P site
and A site, respectively.




PROTEIMN 5YNTHES|S & THE GENETIC CODE [/ 369

Termination

G" TP-5' & »F (A,
+ ' Releasing factor (AF1)
+ “.-GTF Releasing facior (AF3)
6 K 1 3
G" TP-§ & 1 3 (A,

@O0CO0@+|[+ @ D) +( @ |+ @rapwrn
Peptide RF1 RF3
1RMA

Figure 38-9. Diagrammatic representation of the termination process of protein synthesis, The peptidyl-tRNA and
aminoacyl-tRMNA sites are indicated as P site and A site, respectively. The termination {stop) codon is indicated by the
three vertical bars, Releasing factor RF1 binds to the stop codon, Releasing factor RF3, with bound GTP, binds to RF1,
Hydrolysis of the peptidyl-tRNA complex is shown by the entry of H,0. N and C indicate the aming and carboxyl termi-
nal amino acids, respectively, and illustrate the polarity of protein synthesis.
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Table 38-3. Evidence that rRMNA
is peptidyltransferase,

* Ribosomes can make peptide bonds even when prateins
are removed or inactivated.

« Certain parts of the BMNA sequence are highly conserved In
all species,

* These conserved regions are on the surface of the RMA,
malecule,

* RMA can be catalytic,

+ Mutations that result in antibiotic resistance at the level of
protein synthesis are more often found In (RMNA than in the
protein components of the rbosome,

The charging of the tRNA molecule with the
aminoacyl moicty requires the hydrolysis of an ATP to
an AMP, equivalent to the hydrolysis of owo ATDs to
rwo ADDPs and phosphates. The entry of the aminoacyl-
tBNA into the A site results in the hydrolysis of one
GTP wo GDP. Translocation of the nmly formed pep-
tidyl-tRNA in the A site into the P site by EF2 similarly
results in hydralysis of GTF to GDI* and phosphate.
Thus, the energy requirements for the formation of one
peptide bond include the equivalent of the hydralysis of
two ATP molecules to ADP and of two GTP molecules
to GDP, or the hydrolysis of four hlg,h-l:nl:rgl.r phaos-
phate bonds. A cukar}rnt:r: ribosome can incorporate as
many as six amine acids per second: prokaryotic ribo-
somes incorporate as many as 18 per second, Thus, the
process of peptide synthesis occurs with great speed and

accuracy until a termination codon 15 reached.

Termination Occurs When a Stop
Codon Is Recognized (Figure 38-9)

In comparison to initiation and clongation, termina-
tion is a relavvely simple process, Afrer multple cycles
of elongation culminating in polymerization of the spe-
cific amino acids into a protcin molecule, the stop or
terminating codon of mENA (UAA. UAG, UGA) ap-
pears in the A site, Normally, there is no tRINA with an
anticedon capable of recognizing such a termination
signal, Releasing factor RF1 rccognizes thar a swop
codon resides in the A site (Figure 38-9). RF1 is bound
by a complex consisting of releasing factor RF3 with
bound GTP. This complex, with the peptidy]l trans-
ferase, promotes hydrolysis of the bond berween the
peptide and the tRNA occupying the I site. Thus, a
water molecule rather than an amino acid s added.
This hydrolysis rcleases the protein and the tRNA from
the P site. Upon hydrolysis and release, the 808 ribo-
some dissociates into its 405 and 605 subunits, which
arc then recycled. Thercfore, the releasing factors are

proteins that hydrolyze the pepridyl-tRNA bond when
a stop codon occupics the A site. The mRMNA is then re-
leased from the ribosome, which dissociates into it
component 405 and 605 subunits, and another cycle
can be repeared.

Polysomes Are Assemblies of Ribosomes

Many ribosomes can translate the same mRNA mole-
cule simulancously. Because of their relatively large
size, the ribosome particles cannot attach to an mRNA
any closer than 35 nucleotides apart. Multiple ribo-
somes on the same mRNA molecule form a polyribo-
some, of "polysome.” In an unrestricted system, the
number of ribosomes artached o an mRNA (and thus
the size of polyribosomes) correlates positively with the
length of the mRNA molecule. The mass of the mRNA
molecule is, of course, quite small compared with the
mass of even a single ribosome.

A single mammalian ribosome is capable of synthe-
sizing about 400 peptide bonds each minute. Polyribo-
somes actively syn:ﬂtsizing proteins can exist as free
particles in the cellular eyroplasm or may be arrached o
sheets of membranous cyroplasmic marerial referred o
as endoplasmic reticulum. Attachment of the particu-
late polyribosomes to the endoplasmic reticulum is re-
sponsible for its “rough” appearance as seen by electron
microscopy. The proteins synthesized by the amached
polyribosomes are extruded into the cisternal space be-
rween the sheets of rough endoplasmic reticulum and
are exported from there. Some of the protein products
of the rough endoplasmic reticulum are packaged by
the Golgi apparatus into zymogen particles for eventual
export (see Chapter 46). The polyribosomal particles
free in the cyvrosol are responsible for the synthesis of
proteins req uired for intracellular functions.,

The Machinery of Protein Synthesis Can
Respond to Environmental Threats

Frrnuu, an iron- 1:|11L!.I|:Jg protein, prevents tonized iron
{F:"‘} from n:.u_l'ung toxic levels within cells. Elemental
iron stimulates fereitin synthesis by causing the release of
a cytoplasmic protein thar binds to a specific region in
the 5" nontranslated region of ferritin mENA. Disrup-
tiot af this pmll:ih-mRNﬁ. interaciion activates ferritin
mBENA and results in its translation, This mechanism
provides for rapid control of the .'-]."I'Ilhi‘_'nl‘i of a protein
thar sequesters Fe™, a porentially toxic molecule.

Many Viruses Co-opt the Host Cell
Protein Synthesis Machinery

The protein synthesis machinery can also be madified
in deleterious ways, Viruses replicate by using host



cell processes, including those involved in protein syn-
thesis. Some viral mRNAs are manslated much more ef-
ficiently than those of the host cell {eg, encephalomyo-
cardicis virus). Others, such as reovirus and vesicular
stomaritis virus, replicate abundantdy, and their mENAs
have a competitive advantage over host cell mENAs for
limived cranslation factors, Other viruses inhibit host
cell protein synthesis by preventing the association of
mRMNA with the 405 ribosome.

Poliovirus and other picornaviruses gain a selective
advantage by disrupring :R: function of the 4F complex
to their advantage. The mRNAs of these viruses do no
have a cap strucrure 1o direct the binding of the 405 ri-
bosomal subunir (see above). [nstead, the 408 ribosomal
subunit contacts an internal ribosomal entry site
(IRES) in a reaction that requires 4G but not 4E. The
virus gains a selective advantage by having a procease that
attacks 4G and removes the amino rerminal 4E binding
site, Now the 4E-4G complex (4F) cannot form, so the
405 ribosomal subunir canmot be directed o capped
mRMAs, Host cell rranslation is thus abolished. The 4G
fragment can direct binding of the 405 ribosomal sub-
unit to [RES-containing mRNAs, so viral mRNA trans-
lation is very efficient (Figure 38-10). These viruses also
promote the dephosphorylaion of BP1 (FHAS-1),
thereby decreasing cap (4E)-dependent transladon.

POSTTRANSLATIONAL PROCESSING
AFFECTS THE ACTIVITY OF
MANY PROTEINS

Some animal viruses, notably poliovirus and heparitis A
virus, synthesize long polycistronic proteins from one
long mRNA molecule, These protein molecules are
subsequently cleaved ar specific sites o provide the sev-
eral specific proteins required for viral funceion. In ani-
mal cells, many proteins are synthesized from the
mBRNA emplate as a precursor molecule, which then
must be modified 1o achieve the active protein. The
prototype is insulin, which is a low-molecular-weight
protein having two polypeptide chains with interchain
and incrachain disulfide bridges, The molecule is syn-
thesized as a single chain precursor. or prohormone,
which folds to allow the disulfide bridges o form. A
specific protease then clips out the segment thar con-
nects the two chains which form the funcrional insulin
molecule (see Figure 42-12).

Many other peprides are synthesized as proproceins
that require modifications before artaining hiologic ac-
tvity. Many of the postiranslational modifications in-
volve the removal of amine terminal amino acid
restduss by specific aminopeptidases, Collagen, an
abundant protein in the extracellular spaces of higher
cukaryoues, is synthesized as procollagen. Three procol-
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Figure 38-10. Picornaviruses disrupt the 4F com-
plex. The 4E-4G complex (4F) directs the 405 ribosomal
subunit to the typical capped mANA (see text), 4G
alone Is sufficient for targeting the 405 subunit to the
internal ribosomal entry site (IRES) of viral mEMNAs. To
gain selective advantage, certain viruses (eg, poliovirus)
have a protease that cleaves the 4E binding site from
the amino terminal end of 4G, This truncated 4G can di-
rect the 405 ribosomal subunit to mRMAs that have an
IRES but not to those that have a cap. The widths of the
arrows indicate the rate of translation initiation from
the AUG codon in each example,

lagen polypeprtide molecules, frequently not identical in
sequence, align themselves in a particular way thar is
dependent upon the existence of specific amino termi-
nal peptides. Specific enzymes then carry out hydrox-
vlations and oxidations of specific amino acid residues
within the procollagen molecules o provide cross-links
for greater sabilie. Amino terminal peptides are
cleaved off the molecule to form the final product—a
strong, insoluble collagen molecule. Many other post-
translational modifications of proteins occur, Covalent
modification by acerylation, phosphorylation, methyla-
tion, ubiquitinylation, and glycosylation is common,
for example.

MANY ANTIBIOTICS WORK BECAUSE
THEY SELECTIVELY INHIBIT PROTEIN
SYNTHESIS IN BACTERIA

Ribosomes in bacteria and in the mitochondria of
higl‘lcr culc'ar:mtlu: cells differ from the mammalian ribo-
some described in Chapter 35, The bacterial ribosome
is smaller (705 rather than 805) and has a different,
somewhat simpler complement of BNA and prorein
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malecules. This difference is exploited for clinical pur-
poses because many effective antibiotics interact specifi-
cally with the protins and RNAs of prokaryotic ribo-
somes and thus inhibit protein synthesis. This results in
growth arrest or death of the bacterium. The most use-
ful members of this class of andbiotics (eg, terracy-
clines, lincomycin, erythromycin, and chlorampheni-
col) do mot interact with components of eukarvoric
ribosomal particles and thus are not toxic to eukaryores,
Terracycline prevents the binding of aminoacyl-tRINAs
to the A site. Chloramphenicol and the macrolide class
of antbiotics work by binding to 235 (RNA, which is
interesting in view of the newly appreciated role of
rRNA in pepride bond formation through its pepridyl-
ransferase activity, It should be mentioned thar the
close similariy berween prokaryoric and mitochondrial
ribosomes can lead to complications in the use of some
antibiotics.

NH,
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« 1)
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Figure 38-11. The comparative structures of the an-
tibiotic puromycin (top) and the 3" terminal portion of
tyrosinyl-tRMNA (batram).

Ovther antibiotics inhibit protein synthesis on all ri-
bosomes (puremycin) or only on those of eukaryoric
cells {cycloheximide), Puromycin (Figure 38-11) is a
structural analog of ryrosinyl-tRNA. Puromycin is in-
corporated via the A site on the ribosome into the car-
boxyl terminal position of a peptide bur causes the pre-
mature release of the polypeptide. Puromycin, as a
ryrosinyl-tRNA analog, effectively inhibics protein syn-
thesis in both prokaryotes and eubarvores. Cyelohex-
imide inhibits pepridyliransferase in the 608 ribosomal
subunit in eukaryotes, presumably by binding to an
rRMNA component.

Diphdheria toxin, an exotoxin of Carpmebacterinm
diphiheriae infected with a specific lysogenic phage, car-
alyzes the ADP-ribosylation of EF-2 on the unique
amino acid diphthamide in mammalian cells. This
modification inactivates EF-2 and thereby specifically
inhibits mammalian protein synthesis. Many animals
{cg, mice) are resistant to diphtheria toxin, This resis-
tance is due o inability of diphtheria roxin to cross the
cell membrane rather than o insensitivity of mouse
EF-2 o diphtheria toxin-catalyzed ADP-ribosylation
by NAD.,

Ricin, an exrremely roxic molecule isolated from the
castor bean, inactivates eukaryoric 285 ribosomal RNA
by providing the N-glycolytic cleavage or removal of a
single adenine,

Many of these compounds—puromycin and cyclo-
heximide in particular—are not clinically useful bur
have been important in elucidaring the role of protein
synthesis in the regulation of metabolic processes, par-
ticularly enzyme induction by hormones.

SUMMARY

= The flow of genetic information follows the sequence

DNA — RNA — protein,

* The generic informacion in the structural region of a
gene is transcribed into an RNA molecule such that
the sequence of the later is complemenrary to that in
the DNA.

* Several different types of RNA, including ribosomal
ENA (tBMA), mansfer BNA ((RNA), and messenger
RMNA (mRMA), arc involved in protein synthesis.

. —.l._.l'“: I.I'li.[:l:rl'rl:l.ll:}tl il‘l rnRN;‘!L ib |]'|. a I!.'J.n-r]c:l'l] arr:!],-' L'IJ-
codons, each of which is three nucleatides lnng,

* The mBNA is read continuously from a start codon
(AUG) to a rermination codon (UAA, UAG, UGA).

* The open reading frame of the mBNA is the series of
codons, each specifving @ certain amino acid, that de-
termines the precise amino acid sequence of the pro-
tein.

* Protein synthesis, like DNA and RNA synthesis, fal-
lows a 5- o '! ]J:Jla.rlw and can be divided into three



processes: initiation, elongation, and rermination.
Mutant proteins arise when single-base substiturions
result in codons that specify a different amino acid at
a given position, when a stop codon results in a trun-
cared protein, or when base additions or deletions
alver the reading frame, so different codons are read.

* A wvariety of compounds, including several antibi-
otics, inhibit protein synthesis by affecting one or
more of the steps involved in protein synthesis,
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Regulation of Gene Expression

Daryl K. Granner, MD, & P. Anthony Weil, PhD

BIOMEDICAL IMPORTANCE

Organisms adapt to environmenral changes by altering
gene cxpression. The process of aleeration of gene cx-
pression has been studied in detail and often involves
modulation of gene transcription. Cantrol of transcrip-
tion ulrimately results from changes in the interaction
of specific binding regulatory proting with various re-
gions of DNA in the controlled gene. This can have a
positive or negative effect on transcription. Transcrip-
tion control can result in tissue-specific gene expres-
sion, and gene regulation is influenced by hormones,
hecavy merals, and chemicals, In addicion to transcrip-
tion level controls, gene expression can also be modu-
lated by gene amplification, gene rearrangement, post-
rranseriprional modifications, and BNA stabilization,
Many of the mechanisms that control genc expression
arc used to respond to hormones and therapeutic
agenes, Thus, a molecular understanding of these
processes will lead 1o development of agents char alter
pathophysiclogic mechanisms or inhibit the funcuon or
arrest the growth of pathogenic organisms.

REGULATED EXPRESSION OF GENES
IS REQUIRED FOR DEVELOPMENT,
DIFFERENTIATION, & ADAPTATION

The genetic information present in cach somatic ccll of
a metazoan organism is practically identical, The excep-
tions are found in those fow cells that have amplificd or
rearranged penes in order o perform specialized cellular
functions. Expression of the genevc informanon muse
be regulated during ontogeny and differentiation of the
organism and its cellular components, Furthermore, in
order for the organism to adape to its environment and
to conserve cnergy and nutrients, the cxpression of
genetic information must be cued to cxerinsic signals
and respond only when necessary. As organisms have
evolved, more sophisticated regulatory  mechanisms
have appeared which provide the organism and s cells
with the responsiveness necessary for survival in a com-
plex environment. Mammalian cclls possess about 1000
times more genetic information than does the bac-
erium Fsohereehia coli. Much of this addidonal genetic
information is probably invelved in regulation of gene
expression during the differentiation of tissucs and bio-
logic processes in the multcellular organism and in en-
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suring thar the organism can respond ro complex envi-
ronmental challenges.

In simple terms, there are only two types of gene
regulation: positive regulation and negative regula-
tion (Table 39-1). When the expression of genenc in-
formarion is quantitarively increased by the presence of
a specific regulatory element, regulation is said o be
positive; when the expression of genetic information is
diminished by the presence of a specific regulatory ele-
ment, regulation is said o be negarive. The element or
molecule mediating negative regulation is said to be a
negative regulator or repressor; thar mediaring positive
regularion is a positive regulator or activator. However,
a double negative has the effect of acting as a posirive.
Thus, an e;gmr that inhibits the funcrion of a nega-
tive regulator will appear ro bring abour a positive regu-
larion. Many regulated systems thar appear to be in-
duced are in fact derepressed ar the molecular level.
{See Chaprer 9 for explanation of these terms.)

BIOLOGIC SYSTEMS EXHIBIT THREE
TYPES OF TEMPORAL RESPONSES
TO A REGULATORY SIGNAL

Figure 39-1 depices the extent or amount of gene ex-
pression in three types of temporal response to an in-
ducing signal. A type A response is characterized by an
increased extent of gene expression that is dependent
upon the continued presence of the inducing signal.
When the inducing signal is removed, the amount of
gene expression diminishes to its basal level, but the
amount repeatedly increases in response w the reap-
pearance of the specific signal, This type of response is
commonly ohserved in prokaryotes in response to sud-
den changes of the intracellular conceneration of a nu-
tricnt, It is also observed in many higher organisms
after exposure to inducers such as hormones, nutrients,
or growth factors (Chapter 43).

A type B response exhibits an increased amount of
gene expression that is transient even in the continued
presence of the regulatory signal, After the regulatory
signal has terminated and the cell has been allowed to
recover, a second transient response o @ subscquent
regulatory signal may be observed, This phenomenon
of response-desensitization-recovery  characterizes the
action of many pharmacologic agents, but it is also a



Table 39-1. Effects of positive and negative
regulation on gene expression.

Rate of Gene Exprassion
Negative Positive
Regulation | Regulation
Regulator present Decreased | Increased
Regulator absent Increased | Decreased
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Figure 39-1. Diagrammatic representations of the
responses of the extent of expression of a2 gene to spe-
cific regulatory signals such as a hormane,

REGULATION OF GEME EXPRESSION [ 375

feature of many naturally occurring processes. This rype
of response commaonly occurs during development of
an urgani.t:rn, when un[}r the transient appearance of a
specific gene produce is required although the signal
persists.

The type C response pattern exhibits, in response
to the n:gulnmr:r I.:gn.l] an increased extent of gene ex-
pression that persists indefinicely even iﬁcr fermination
of the signal. The signal acts as a trigger in this pattern.
Once expression of the gene is initiated in the cell, it
cannot be terminated even in the :l:ughrer cellss it s
therefore an irreversible and inhented alteranon. This
type of response rypically occurs during the develop-
ment of differentiated function in a tissue or organ,

Prokaryotes Provide Models for the Study
of Gene Expression in Mammalian Cells

Analysis of the regulation of pene expression in
prokaryortic cells helped establish the principle thar in-
formarion flows from the gene to a messenger RNA o a
specific prorein molecule. These studies were aided by
the advanced genetic analyses thar could be performed
in prokaryotic and lower cukaryotic organisms. In re-
cent years, the principles established in these early stud-
ies, coupled with a varicty of molecular biology rech-
niques, have led to remarkable progress in the analysis
of gene regulation in higher euE aryotic organisms, in-
cluding mammals. In this chaprer, the initial discussion
will center on prokaryoric systems. The impressive ge-
netic studies will not be described, bur the physiology
of gene expression will be discussed. However, nearly
all of the conclusions abour this physiclogy have been
derived from genetic studies and confirmed by molecu-
lar generic and biochemical studies.

Some Features of Prokaryotic Gene
Expression Are Unique

Before the physiology of gene expression can be ex-
plained, a few specialized genctic and regulatory terms
must be defined for prokaryoric syseems. In prokary-
otes. the genes involved in a metabolic pathway are
often present in a linear array called an operon, cg, the
fac operon, An operon can be regulated by a single pro-
moter or regulatory region. The cistron is the smallest
unit of genetic expression. As described in Chaprer 9,
some cnzymes and other protein molecules are com-
posed of two or more nonidentical subunits, Thus, the
“one gene, one enzyme” concept s not necessanly
valid. The cistron is the genetic unit coding for the
structure of the subunit of a protein molecule, acting as
it does as the smallest unic of genetic expression. Thus,
the one gene, one enzyme idea might more accurately
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be regarded as @ one cistron, one subunit concept, A
single mRNA that encodes more than one scparately
translated protein 15 referred to a5 2 polycistronic
mBNA. For example, the polycistronic fee operon
mBMNA is translated into three scparate proteins (sce
hclﬂ'ﬂ.’] DF‘C‘F{“’L‘; J.rl'l.'l Flﬂ'l}"ci.ﬁtmnif mIlNiﬂlﬁ are com-
man in bacteria bue not in eukaryores,

An inducible gene iz one whose expression increases
in respanse to an inducer or activator, a specific posi-
tive regulatory signal. In general, inducible genes have
relatively low basal rates of transeriprion. By conerase,
genes with high basal rates of transcription are often
subject to down-regulation by repressors,

The expression of some genes is constitutive, mean-
ing that they are expressed at a reasonably conseane rate
and not known to be subject o regulation. These are
often referred to as housckeeping genes, As a result of
mutation, some induchble gene products become con-
suturively expressed. A mutation resulting i constinu-
tive cxpression of what was formerly a regulated gene is
called a constitutive mutation.

Analysis of Lactose Metabolism in E coli
Led to the Operon Hypothesis

Jacob and Monod in 1961 described their operon
model in a dassic paper, Their hypothesis was to a
large extent based on obscrvations on the regulation of
lactose metabolism by the intestinal bacterium E colf
The malecular mechanisms responsible for the regula-
tion of the genes involved in the mewabolism of lactose
are now among the best-understood in any erganism,
p-Galactosidase hydrolyzes the f-galactoside lactose two
galactose and glucose, The structural gene for f-galac-
tosidase (lecZ} 15 clustered with the genes responsible
for the permeation of galactose into the cell &k} and
for thiogalactoside transacetylase (facA) The structural
genes for these three enzymes, along with the far pro-
moter and fee operator (3 regulatory region), are physi-
cally associated to constitute the bee operon as depicted
in Figure 39-2. This genctic arrangement of the struc-
rural genes and their regulatory genes allows for coordi-
nate expression of the three cnzymes concerned with
lactose metabalism, Each of these linked genes 15 tran-
scribed into one large mRNA molecule that contains
multiple independent translation start (AUG) and stop
(UAA) codons for each cistron. Thus, cach protein is
translated separately, and they are not processed from a
single large precursor protein, This type of mENA mal-
ecule is called a polycistronic mRNA. Palycistronic
mBMNAs are predominantly found in prokaryotic organ-
Isms,

It is now conventional to consider that a gene in-
cludes regulatory sequences as well as the region that

Promaoter Operator
site
lacy l lacs

lac operon

lacY  lacA

Figure 39-2. The positional relationships of the
structural and regulatory genes of the lac operon, lacd
encodes -galactosidase, lac¥ encodes a permease, and
locA encodes a thiogalactoside transacetylase. lacl en-
codes the lac operon repressor protein,

encodes the primary transcript. Although there are
many historical exceptions, a gene is generally italicized
in lower case and the encoded protein, when abbrevi-
ated, is expressed in roman type with the firs letter cap-
italized, For example, the gene docl encodes the repres-
sor protein Lacl. When F cofi 15 presented with lactose
or some specific lactose analogs under appropriate non-
repressing conditions (cg, high concentrations of lac-
tose, na or very low glucose in media; see below), the
expression of the activities of P-galactosidase, galacto-
side permease, and thiogalactoside transacetylase is in-
creased 100-fold to 1000-fald. This is a type A re-
sponse, as depicted in Figure 39-1. The kinetics of
induction can be quite rapid; lee-specific mBNAs arc
fully induced within 5—6 minurcs after addition of lac-
tose to a culture; P-galactosidase protein is maximal
within 10 mimnutes. Under Fully induced conditions,
there can be up to 5000 f-galactosidase molccules per
cell, an amount about 1000 tmes greater than the
basal, uninduced level, Upon removal of the signal, ic,
the inducer, the synthesis of these three enzymes de-
clines,

When £ coli is exposed o both lacrose and glucose
s sources of carbon, the organisms first metabolize
the glucose and then temporarily stop growing until the
genes of the fac operen become induced o provide the
ability to metabolize lactosc as a usable cnergy source,
Although lactose 15 present from the beginning of the
baceerial growth phase, the cell does not induce those
enzymes necessary for catabolism of lactose unal the
glucose has been exhausted, This phenomenon was firse
thought to be attributable to repression of the far
operon by some catabolice of glucose; hence, it was
termed catabolite repression, Iv is now known that
catabolite repression is in fact mediated by a catabolite
gene activator protein (CAP) in conjunction with
cAMP (Figure 18-3). This protein is also referred o as
the cAMP regulatory prowein (CRP). The expression of
many inducible enzyme systems or operons in £ cali
and other prokaryates is sensitive to catabolite repres-
sion, as discussed below,
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Figure 39-3. The mechanism of repression and derepression of the Jac operon. When either no inducer is
present or inducer is present with glucose (A), the Jac] gene products that are synthesized constitutively form
a repressor tetramer malecule which binds at the operator locus to prevent the efficient initiation of transcrip-
tion by RMA polymerase at the promoter locus and thus to prevent the subsequent transcription of the locs,
lacy, and lacA structural genes. When inducer is present (B), the constitutively expressed lac! gene forms re-
pressor molecules that are conformationally altered by the inducer and cannot efficiently bind to the operator
lecus (affinity of hinding reduced > 1000-fold). In the presence of cAMP and its binding protein (CAP), the BNA

polymerase can transcribe the structural genes lacZ, facy, and lacA, and the polycistronic mRNA molecule
formed can be translated into the corresponding protein molecules f-galactosidase, permease, and

transacetylase, allowing for the catabolism of lactose,

The physiology of induction of the lw operon is
well understood ar the molecular level (Figure 39-3).
Expression of the normal fecl gene of the fae operon is
constitutive; it is expressed at a constant rate, resulting
in formartion of the subunits of the lac repressor. Four
identical subunirs with molecular weights of 38,000 as-
semble into a fae repressor molecule. The Lacl repressor
protein molecule, the product of feef, has a high affinicy
{&; abour 107" mel/L) for the operator locus. The op-
erator locus is a region of double-stranded DNA 27
base pairs long with a twofold rotational symmertry and

an inverced palindrome (indicated by solid lines about
the dotred axis) in a region that is 21 base pairs long, as
shown below:

5 —AAT TGTGAGC G GATAACAATT
3 —TTAACACTCG CCTATTGTTAA

The minimum effecrive size of an operator for Lacl
repressor binding is 17 base pairs (boldface letters in che
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ahove sequence). At any one time, only two subunits of
I'hc' EEFFL"K‘;HTS JPPE.'LT T bllnd 1] rl'll'.' ﬂPL'ﬁtnr, nnd "p"n']l t]'l.ll]'l.
the 17-base-pair region at least one base of each base
pair 15 invalved in Lacl recognivion and binding, The
binding occurs mostly in the major groove without in-
'flmpt'ing t]'l.l..." bﬂﬁ:—]’ﬁﬂifﬂ.‘l, [iﬂuh]c—hﬂ']il::ll mature nF tl'l[:
operator DNA. The operator locus is berween the pro-
moter site, at which the DNA-dependent RNA polym-
erase attaches to commence transenipoion, and the oan-
scription initiation site of the dee gene, the structural
gene for B—Fh:tmid:ﬁﬂ (Figure 39-2), When artached
to the operator locus, the Lacl repressor molecule pre-
vents transeniprion of the operator locus as well as of the
distal structural genes, fae, Jac ¥, and lacd. Thus, the
Lacl repressor molecule is 3 negative regulator; in ics
presence (and in cthe absence of inducer; see below), ex-
pression from the faeZl lecl) and Jacd genes s pre-
vented, There are normally 2040 repressor tetramer
malecules in the cell, a concentration of tetramer suffi-
cient to effect, at any given time, > 93% occupancy of
the one fec operator clement in a baceerium, thus ensur-
ing low (but not zero) basal fae aperon gene transcrip-
tion in the absence of inducing signals.

A lacrose analog chat 15 capable of inducing the dar
operon while not itself serving as a substrate for [i-galac-
tosidase is an cxample of 2 gratuitous inducer. An ox-
ample is isopropylthiogalacteside (IPTG), The additdon
of lactose or of a grawitous inducer such as [PTG to
bacteria growing on a poorly utilized carbon source
{such as succinate) results in prompe induction of the
dar operon engymes. Small amounes of the gramicous in-
ducer or of lactose are able to enter the cell even in the
absence of permease, The Lacl repressor molecules—
both those attached to the operator lodd and those free in
the cytosol—have a high affinity for the inducer. Bind-
ing of the nducer 1 a repressor molecule artached w
the aperator locus induces a conformational change in
the structure of the repressor ; and causes it to dissociate
from thL DNA because i :IFFnln' for the operator is
now 10" times lower (& about 107" mol/L} than that of
Lacl in the absence of IPTG. If DNA-dependent RNA
polymerase has already attached to the coding strand ac
the promoter site, ranscription will begin, The polym-
erase generates a polycistronic mRNA whose 57 terminal
15 complementary to the template strand of the operator,
In such a manner, an inducer derepresses the lac
operon and allows transcription of the soructural genes
for P-galactosidase, galactoside permease, and thiogalac-
toside transacetylase. Translation of the polycistronic
mBENA can occur even before transcription is com-
pleted. Derepression of the {ae operon allows the cell
synthesize the enzymes necessary to catabolize lactose as
an cnergy source. Based on the physiology just de-
seribed, 1PTG-nduced expression of transfected  plas-
mids bearing the fae operator-promoter ligated o appro-

priate bioengineered constructs is commonly used to ex-
press mammalian recombinant proteins in EF cali.

In order for the RNA polymerase o efficiendy form
a PIC at the promaoter site, there must also be present
the catabolite gene activator protein (CAP) to which
cAMIP is bound. By an independent mechanism, the
bacterium accumulates cAMP only when it s starved
for a source of carbon. In the presence of glucose—aor
of glycerol in concentrations sufficient for growth—the
bacteria will lack sufficient cAMP to bind o CAP be-
cause the glucose inhibits adenylyl cyclase, the enzyme
that converts ATT to cAMP (see Chaprer 42). Thus, in
the presence of glucose or plycerol, cAMP-sawurated
CAP is lacking, so that the DNA-dependent RNA
polymerase cannot initiate transcriprion of the far
operon. In the presence of the CAP-cAMP complesx,
which binds o DNA just upstream of the promoter
site, transcription then occurs (Figure 39-3). Studies
indicate that a region of CAP contaces the RNA polym-
erase & subunit and facilitares binding of this enzyme o
the promoter. Thus, the CAP-cAMDP rr:gu]nmr 15 acting
#5 2 positive n:g;ulatnr becauwse its presence is required
for gene expression. The fac operon is therefore con-
trolled by two distinet, ligand-modulared DNA bind-
ing trans factors; one that acts positively (cAMP-CRI?
complex) and one that acts negatively (Lacl repressar).
Maximal activity of the fec operon occurs when glucose
levels are low (high cAMI with CATI' activation} and
lactose is present (Lacl is prevented from binding to the
::upcratnr]-.

When the faef gene has been murated so thar i
product, Lacl, is not capable of binding tw operator
DMNA, the organism will exhibit constitutive expres-
sion of the fac operon. In a contrary manner, an organ-
ism with a fac/ gene muation thar produces a Lacl pro-
tein which prevents the binding of an inducer to the
repressor will remain repressed even in the presence of
the inducer molecule, because the inducer cannot bind
to the repressor on the operator locus in order o dere-
press the operon, Similarly, bacteria harboring muta-
tions in their dec operator locus such that the operator
seqquence will not bind a normal repressor molecule
constitutively express the fee operon genes. Mechanisms
of positive and negative regulation comparable to those
described here for the fac system have been observed in
cukaryotic cells {see below),

The Genetic Switch of Bacteriophage
Lambda (A) Provides a Paradigm

for Protein-DNA Interactions

in Eukaryotic Cells

Like some eukaryotic viruses (eg, herpes simplex, HIV),

some bacterial viruses can either reside in a dormant
state within the host chromosomes or can replicate



within the bacterium and eventually lead to lysis and
]-l;ill:ing ﬂ'F t]'l.c I_'h'l.l:tl:'TinI hﬂﬁt. Surrl{'. F *'ﬂff. hnrbﬂr ﬁul:]'l. ]
“temperate” virus, bacteriophage lambda (A). When
lambea infects an organism of that species it injects its
45,000-bp, double-stranded, lincar DNA genome into
the cell (Figure 39—4), Depending upon the nutritional
state of the cell, the lambda DNA will either integrate
into the host genome (lysogenic pathway) and remain
dormant until activated (see below), or it will com-
mence rl:lliica.ting uncil 1t has made about 100 cuplc:i
of complete, protein-packaged virus, ar which point it
causes lysis of its host (lytic pathway). The newly gen-
-;.'r;l.n:d "!'llrl.lﬁ‘ PﬂTriflﬁﬁ can t.hi."l'l. ll'lﬁ'.'l'.' UT]'LI:T ﬁuﬁmpt]bil'.'
hosts.

When integrated into the host genome in its dor-
mant state, lambda will remain in that state untl acti-
vated by cxposure of its lysogenic bacterial host to
DNA-damaging agents. In response to such a noxious
stimulus, the dormanc bacteriophage becomes “in-
duced” and begins to transeribe and subsequentdy crans-
late those genes of its own genome which are necessary
for 1ts excision from the host chromosome, 1ts DNA
replication, and the synthesis of s protein coar and
lysis enzymes. This cvent aces like a trigger or type C
{Figure 39-1) response; ic, once lambda has committed
itself to induction, there is no turning back until the
cell is lysed and the replicated bacteriophage released.
This switch from a dormant or prophage state w a
lytic infection 15 well understood ar the genetic and
mﬂlﬂtutnr ll:\r{:lﬁ al.'“:'. wi:l] hl'.' fll:xrllhl:{i ir| d{.'t:llll hﬂ'rf.

The switching event in lambda is centered around
an B0-bp region in it double-stranded DNA genome
referred to as the “right operator” (Og) (Figure 39-5A)
rhc right npl:ran:u' 1'5 ﬂnnlcct{ on Its [cﬁ 5idc h}r I:|'|.=.'
structural gene for the lambda repressor protein, the ol
protein, and on its right side by the strucooral gene en-
coding another regulatory protein called Cro, When
lambda 15 1 1ts ]'.IIHPI'I.:I.EE state—ie, in.tr:gratct{ 1nto the
host genome—rthe ¢l repressor gene is the onfy lambda
gene ¢l protein that is expressed. When the bacterio-
phngc 15 qndr:rgning |1_.-'tic grw"t]'t, the cl TEPTESSOT gene
is not expressed, but the ov gene—as well a5 many
other genes in lambda—is expressed. Thar is, when the
repressor gene is on, the ore genc is off, and when
d'“: cra Eﬁ“: i.i L) tl'l.: rl:‘l]rﬁsur Ecn:‘ iﬂ ‘HH'... .I'SLS wWe
shall see, these two genes regulate each other's expres-
sion and thus, ulimately, the decision berween lytic
and |};'bugt.:m€ EfU\'ﬂ'rh nr lamhdﬂ.. Thiﬁ dﬂﬂlsiﬂn bc'
tween repressor genc transcription and ere gene
transcription is a paradigmatic example of a molecu-
lar switch.

The 80-bp A right operator, O, can be subdivided
into three discrete, evenly spaced, 17-bp cis-active
DNA elemenes that represent the binding sites for ei-
ther of two bacteriophage A regulatory proteins. Impor-
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Figure 39-4. |nfection of the bacterium E coli by
phage lambda begins when a virus particle attaches it-
self to the bacterial cell (1) and injects its DMNA (shaded
line} into the cell (2, 3). Infection can take either of two
courses depending on which of two sets of viral genes
is turned on. In the lysogenic pathway, the viral DNA
becomes integrated into the bacterial chromosome (4,
51, where it replicates passively as the bacterial cell di-
vides. The dormant virus is calied a prophage, and the
cell that harbors it is called a lysogen. In the alternative
Iytic mode of infection, the viral DNA replicates itself (6)
and directs the synthesis of viral proteins (7). About 100
new virus particles are formed. The proliferating viruses
Iyse, or burst, the cell (&), A prophage can be “induced”
by a DMA damaging agent such as ultraviolet radiation
{9). The inducing agent throws a switch, so that a differ-
ent set of genes is turned on. Viral DNA loops out of the
chromosome (10) and replicates; the virus proceeds
along the lytic pathway. (Reproduced, with permission,
from Frashine M, Johnson AD, Pabo OO A genetic switch
in a bactenal virus, S0 Am [Nov] 19822471 28)
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Figure 35-5. Right operator (0] is shown in increasing detail in this series of drawings.
The operator is a region of the viral DNA some 80 base pairs lang (A). To its left lies the
gene encoding lambda repressor (cl), to its right the gene {cro) encoding the regulator pro-
tein Cro. When the operator region is enlarged (B), it is seen to include three subregions,
Og1, Op2, and 0,3, each 17 base pairs long, They are recognition sites to which both repres-
sor and Cro can bind. The recognition sites overlap two promoters—sequences of bases to
which RMA polymerase binds in order to transcribe these genes into mRMA (wawvy lines),
that ara translated into protein. Site 041 is enlarged (C) to show its base sequence, Maote
that in this region of the A chromosome, both strands of DNA act as a template for tran-
scription (Chapter 39). (Reproduced, with permission, from Ptashne M, Johnson A0, Pabo O

A genetc switch in a bacterial virus, 500 Am [Mow] 1982,247128)

tantly, the nucleotide sequences of these three randemby
arranged sites arc similar but not identical (Figure
39-5B). The three relaced cis clements, termed opera-
tors Oy 1, Og2, and O3, can be bound by cither cl or
Cro proceins, However, the relatve affinities of ¢l and
Cra for cach of the sites varies. and this differential
binding affinity is central to the appropriate operation
ot thr:g)v. phage lytic or lysogenic “molecular swicch,”
The DINA regron berween the erp and repressor genes
also contains two prometer sequences thae direce the
binding of RNA polymerase in a specified oricntation,
where it commences transcribing adjacent genes, One
promoter dircces BNA polymerase to transeribe in the
rightward dircction and, thus, o transcrbe ow and
other distal genes, while the other promoter directs the
transcriprion of the repressor gene in the lefrward di-
rection [Figure 39-5H).

The product of the repressor pene, the 236-2mino-
acid, 27 kD) repressor protein, cxists as a two-
domain molecule in which the amino terminal domain
binds to operator DNA and the carboxyl terminal
domain promotes the association of one repressor
protein with another to form a dimer, A dimer of re-
pressar molecules binds to operator DNA much more
tightly than does the monomeric form (Figure 39-6A
to 39-6C),

The product of the ow gene, the 66-amino-acid,
9 kDa Cro protein, has a single domain but also binds
the operator DNA more dghty as a dimer (Figure

39-61Y). The Cro protein’s single domain mediaces
both operator binding and dimerization,

In a lysogenic bacterium—ie, a bacterium containing
a lambda prophage—the lambda repressor dimer binds
preferentially to Ol but in so doing, by a cooperative
interaction, enhances the binding (by a factor of 10) of
another repressor dimer 1o 02 {Figure 39-7). The
affinity of repressor for Oy 3 is the least of che three oper-
ator subregions. The binding of repressor to Ogl has two
major cffeces. The occupation of Ogl by repressor
blocks the binding of RNA polymerasc to the right-
ward promoter and in that way prevents expression of
cr. Second, as mentioned above, repressor dimer bound
o Oy 1 enhances the binding of repressor dimer o Og2,
The binding of repressor to g2 has the impartant
added cffect of enhancing the binding of RNA polym-
crase to the lefrward promoter thar overlaps 02 and
therehy enhances transcription and subsequent cxpres-
sion of the repressor gene. This enhancement of tran-
seriprion is apparently mediated through direct protein-
proein  interactions  berween  promoter-bound . RNA
polymerase and Oy 2-bound repressor, Thus, the lambda
repressor is both a negative regulator, by preventing
transcription of crw, and a positive regulator, by enhanc-
ing transcription of s own gene, the repressor gene,
This dual effecr of repressor is responsible for the swable
state of the dormant lambda bacteriophage: not only
does the repressor prevent expression of the genes neces-
sary for bysis, bur it also promotes cxpression of iself w
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Figure 39-6. 5Schematic molecular structures of ol {lambda repressor, shown in A, B, and C)
and Cra (D). Lambda repressor protein is a palypeptide chain 236 amino acids long, The chain
folds itself into a dumbbell shape with two substructures: an amino terminal (NH,) domain and
a carboxyl terminal (CO0H) domain. The two domains are linked by a region of the chain that is
susceptible to cleavage by proteases (indicated by the two arrows in Al Single repressor mole-
cules (monomers) tend to associate to form dimers (B); a dimer can dissociate to form
monomers again. A dimer is held together mainly by contact between the carboxyl terminal
domains (hatching). Repressor dimers bind to (and can dissociate from) the recognition sites in
the operator region; they display the greatest affinity for site Og1 {C). It is the amino terminal
domain of the repressor molecule that makes contact with the DNA (hatching). Cro (D) has a
single domaln with sites that promote dimerization and other sites that promate binding of
dimers to operator, preferentially to Og3. (Reproduced, with permission, from Prashne M. Johnson

!

AL, Fabo CO: A genetic switch in a bacterial virus, 5ci Am [Mov] 1982, 247128)

stabilize this state of differentiation. In the event that in-
tracellular repressor protein concentration becomes very
high, this cxcess repressor will bind o Oy3 and by so
doing diminish transcription of the repressor gene from
the leftward promoter untl the repressor concentration
drops and repressor dissociates iself from O3,

With such a stable, repressive, cl-mediated, lyso-
genic state, one might wonder how the lytic cycle could
ever be entered. However, this process does ocour quite
chiciently, When a DNA-damaging signal, such as ul-
traviolet light, strikes the lysogenic host bacterium,
fragments of single-stranded DNA are gencrated that
activate a specific protease coded by a bacrerial gene
and referred o as recA (Figure 39-7), The activaced
recA protease hydrolyzes the porion of the repressor
pratein that connects the amino terminal and carboxyl
terminal domains of that molecule (see Figure 39-64).
Such cleavage of the repressor domains causes the re-
pressor dimers to dissociate, which in rurn causes dis-
sociation of the repressor molecules from Oy2 and
eventually from Oy, The effects of removal of repres-
sor from Ol and Op2 are predictable,. RNA polym-
erase immediatcly has access to the dghoward promoter
and commences transcribing the are gene, and the en-
hancement effect of the repressor ar Oy2 on lefoward
transcriprion is lost (Figure 39-7),

The rﬁulting ncwlj.r Hynrhcsizcd Cro protein alse
binds to the operator region as a dimer, but its order of
preference @5 opposite to that of repressor (Figure
39-7). That is, Cro binds most tightly to Og3. but
there is no cooperative effect of Cro ac O3 on the
binding of Cro to Og2. At increasingly higher concen-
trations of Cra, the protein will bind o Oy2 and even-
tually to O 1.

Occupancy of Oy by Cro immediarcly turns off
transcription from the lefoward promoter and in thar
way prevents any further expression of the repressor
gene. The molecular switch is  thus completcly
“thrown” in the lytic direction. The ore gene is now ex-
pressed, and the repressor gene is fully turned off, This
event is irreversible, and the expression of other lambda
genes begins as part of the lytic cycle, When Cro repres-
sor concentration becomes quite high, it will eventually
occupy Ol and in so doing reduce the expression of its
own gene, a process that is necessary in order to effect
the final stages of the lytic oycle,

The three-dimensional structures of Cro and of the
lambda repressor protein have been determined by
x-ray erystallography, and models for their binding and f-
fecting the above-described malecular and genetic events
have been proposed and tested. Both bind 1o DNA using
heliv-rumn-helic DNA binding domain motifs (see below).
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Figure 39-7. Configuration of the switch is shown at four stages of lambda's life cycle. The lysogenic pathway (in
which the virus remains dormant as a prophage) is selected when a repressor dimer binds to Oy1, thereby making it
likely that 0,2 will be filled immediately by amother dimer. In the prophage (top), the repressor dimers bound at Oy
and Oy2 prevent RMA polymerase from binding to the rightward promoter and so block the synthesis of Cro (nega-
tive control). The reprassars also enhance the binding of polymerase to the lefiward promoter (positive contral),
with the result that the repressor gene is transcribed into RNA (wavy line} and more repressor is synthesized, main-
taining the hysogenic state. The prophage is induced when ultraviolet radiation activates the protease rech, which
cleaves repressor monomers, The equilibrium of free monomers, free dimers, and bound dimers is thereby shifted,
and dimers leave the operator sites. RNA polymerase is no longer encouraged to bind to the leftward promoter, so
that repressor is no longer synthesized. As induction proceeds, all the operator sites become vacant, and so polym-
erase can hind to the rightward promater and Cro is synthesized. During early lytic growth, a single Cro dimer binds
to O3 shaded circles, the site for which it has the highest affinity. Consequently, RMA polymerase cannot bind to the
leftward promoter, but the rightward promaoter remains accessible. Polymerase continues to bind there, transcribing
cro and other early lytic genes. Lytic growth ensues. Reproduced, with permizssion, from Prashne M, Johnson AD, Paba
COx A genetic switch in a bacterial varus, 5ci Am [Mow] 1982,247:128
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To date, this system provides the best understanding of
the malecular events involved in gene regulation,
Detailed analysis of the lambda repressor led o the
important concept that transcription regulatory proteins
have several funcoional domains, For example, lambda
repressor binds to DNA with high affinity. Repressor
monomers form dimers, dimers interact with each
ather, and repressor interacts with RNA - polymerase.
The protein-DNA interface and the three protein-
protein interfaces all involve separate and distiner do-
mains of the repressor molecule, As will be noted below
{see Figure 39-17), this is a characteristic shared by
most (perhaps all) molecules that regulate tmnscripton,

SPECIAL FEATURES ARE INVOLVED
IN REGULATION OF EUKARYOTIC
GENE TRANSCRIPTION

Maost of the DNA in prokaryotic cells is organized into
genes, and the templares can always be rranscribed. A
very different situation exists in mammalian cells, in
which relatively licde of the toral DNA is organized
into genes and their associated regulatory regions. The
funcrion of the extra DNA is unknown, In addition, as
described in Chaprer 36, the DNA in cukaryoric cells is
extensively folded and packed intw the protein-DMNA
complex called chromarin. Histones are an importanr
ian of this complex since they both form the structures

nown as nucleosomes (see Chaprer 36) and also factor
significantly into gene regulatory mechanisms as out-
lined below.

Chromatin Remodeling Is an Important
Aspect of Eukaryotic Gene Expression

Chromatin structure provides an additional level of
control of gene transcription. As diseussed in Chapter
36, large regions of chromatin are wanscripionally inac-
tive w]l-:ile others are either active or potentially active.
With few exceptions, each cell contains the same com-
plement of genes (antibody-praducing cells are a notable
exception). The development ol specialized organs, tis-
sues, and cells and their funetion in the intact organism
depend upon the differential expression of genes.

Some of this differential expression is achieved by
having diflerent regions of chromatin available for tan-
scription in cells from various dssues. For example, the
DNA containing the f-globin gene cluster is in “active”
chromatin in the reticulocyte but in “inactive” chro-
matin in muscle cells. All the factors involved in the de-
termination of active chromatin have not been eluci-
dated. The presence of nuclessomes and of complexes of
histones and DNA (see Chapeer 36) certainly provides a
barrier against the ready association ol ranscription [ac-
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tors with specific DMNA regions, The dynamics of the for-
mation and disruption of nucleasome structure are there-
fore an important part of cukaryotic gene regulation,

Histone acetylation and deacetylation is an im-
portant determinant of gene activity, The surprising
discovery that histone acetylase activity is associated
with TAFs and the coactivators involved in hormonal
regulation of gene ranscriprion (see Chaprer 43) has
pravided a new concept of gene regulation, Acerylation
15 known to occur on lysine residucs in the amino ter-
minal tails of histone molecules. This modification re-
duces the positive charge of these tails and decreases the
binding affinity of histone for the negatively charged
DNA, Accordingly, the acetylation of histone could re-
sult in disruption of nucleosomal structure and allow
readicr access of transcription factors w cognate regula-
tory DNA clements, As discussed  previously, this
would enhance binding of the basal transcription ma-
chinery to the pramoter. Histone deacerylanion would
have the opposite effect. Different proteins with specific
aceylase and deacetylase activities are associated with
various components of the transeription apparatus, The
specificity of these processes 15 under invesngation, as
are a vanety of mechanisms of action, Some specific ex-
amples are illustrated in Chapter 43.

There is evidence that the m:ﬂ!}r]al'inn of deoxycy-
tidine residues (in the sequence 5-"CpG-3") in DNA
may cffect gross changes in chromatin so as o preclude
its active transcription, as described in Chapeer 36, For
example, in mouse liver, only the unmethylated riboso-
mal genes can be expressed, and there is evidence that
many animal viruses are not ranscribed when their
DNA s methylared, Acute demethylation of deoxyeyi-
dine residues in a specific region of the tyrosine amino-
transferase gene—in response to glucocorticond  hor-
mones—has been associated with an increased rate of
transcription of the gene. However, it is not possible o
generalize that methylated DNA is transcriptionally in-
active, that all inactive chromatin is methylated, or that
active DINA is not methylated.

Finally, the binding of specific transcription factors
to cognate DNA clements may result in disruption of
nucleosomal structure. Many  cukaryotic genes have
multiple protein-binding DNA clements. The serial
binding of transcription factors to these elements—in a
combinatorial faishion—may either directly disrupt the
structure of the nucleosome or prevent its re-formarion
ar recruit, via protein-protein interactions, multipro-
tein coactivator complexes that have the ability to cova-
lently madify or remode] nucleosomes, These reactions
resule in chromatin-level strucrural changes thar in the
end increase DMNA accessibility o other factors and the
transcription machinery.

Eukaryotic IINA that is in an “acove”™ region of
chromann can be transcribed, As in prokaryonc cells, a
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promaoter dictates where the BNA polymerase will ini-
l'.lﬂt{" tranﬁcrllpri:un, h'l.l.' thi‘ Frﬂmﬂtﬂ'r CAMMOL ['.lﬂ' I'l{:;“'l]r'
defined as containing a —35 and —10 box, particularly
in mammalian cells (Chaprer 37). In addition, the
trans-aceing factors generally come from other chromo-
saomes (and so act in trans), whereas this consideration
15 moat in the case of the single chromosome-contain-
ing prokaryotic cells. Addidonal complexicy is added by
clements or factars that enhance or repress transcrip-
tian, define tissuc-specific expression, and modulate the
actions of many effector molecules.

Certain DNA Elements Enhance or Repress
Transcription of Eukaryotic Genes

In addition to gross changes in chromatin affecting
transcriprional activity, certain DINA elemenes facilitate
or enhance initation at the promoter, For example, in
simian virus 40 (3%40) there cxists abour 200 bp up-
stream from the promoter of the carly genes a region of
rwo idenrical, randem 72-bp lengths thar can greacly in-
crease the expression of genes in vivo. Each of these
72-bp clements can be subdivided into a serics of
smaller elements; therefare, some enhancers have a very
complex structure. Enhancer elements differ from rthe
promoter in two remarkable ways, They can exert their
positive influcnce on transcription cven when scparated
by thousands of basc pairs from a promoter; they work
when oriented in either direcrion; and they can work
upstream (57) or downstream (37) from the promorer,
Enhancers are promiscuous; they can stimulate any
promoter in the vicinity and may act on more than onc
promoter. The 540 enhancer element can exert an in-
tfluence on, for cxample, the transcripion of f-globin
by increasing its transcription 200-fold in cells contain-
ing both the enhancer and the P-globin gene on the
same plasmid (sec below and Figure 39-8). The en-
hancer element does not produce a product thar in tam
acts on the promoter, since it is active only when it ex-
ists within the same DNA molecule as (e, cis w) the
promoter. Enhancer binding protwins are responsible
for this effect, The exact mechanisms by which these
transcription activators work are subject to much de-
bate. Certainly, enhancer binding trans factors have
been shown to interace with a plechora of other tran-
scription. proteins. These interactions include chro-
matin-modifying coacrivators as well as the individual
components of the basal RNA polymerase [l transcrip-
tion machinery, Ultmarely, trans-factor-enhancer DNA
binding cvents resuly in an increase in the binding of
the basal transcription machinery to the promoter, En-
hancer clements and associated binding proteins often
convey nuclease hypersensitvity to those regions where
they reside (Chaprer 36). A summary of the propertics
of enhancers is presented in Table 39-2. One of the

{Enhancar Promotar

response elameant)
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Figure 39-8. A schematic explanation of the action
of enhancers and other cls-acting regulatory alements,
These model chimeric genes consist of a reporter
(structural) gene that encodes a protein which can be
readily assaved, a promaoter that ensures accurate initia-
tion of transcription, and the putative regulatory ele-
ments. In all cases, high-level transcription from the in-
dicated chimeras depends upon the presence of
enhancers, which stimulate transcription = 100-fold
over basal transcriptional levels {ie, transcription of the
same chimeric genes containing just promoters fused
to the structural genes). Examples A and B illustrate the
fact that enhancers {eg, 5V40} work in either orientation
and upon a heteralogous promaoter, Example C illus-
trates that the metallothionein (mit) requlatory element
(which under the influence of cadmium or zinc induces
transcription of the endogenaus mt gene and hence
the metal-binding mt protein) will work through the
thymidine kinase (tk) promoter to enhance transcrip-
tion of the human growth hormone (hGH) gene, The
engineered genetic constructions were introduced into
the male pronuclei of single-cell mouse embryos and
the embryos placed into the uterus of a surrogate
maother to develop as transgenic animals. Offspring
have been generated under these conditions, and in
some the addition of zinc lons to their drinking water
effects an increase in liver growth hormone. In this
case, these transgenic animals have responded to the
high levels of growth hormaone by becoming twice as
large as their normal litter mates. Example D illustrates
that a glucocorticoid response element (GRE) will waork
through hemologous (FEPCK genel or heterologous
promoters (not shown; ie, tk promoter, SV40 promaoter,
[f-globin promoter, etc).



Table 39-2. Summary of the properties
of enhancers.

- Work when located long distances from the promoter

« Work when upstream or downstream fram the promater

* Work when oriented in efther direction

- Work through heterclogous promaters

= Woik by binding one or mare proteins

= Work by fadlitating binding of the basal transcription com-
plex to the promoter

best-understood mammalian enhancer systems is that
of the B-interferon gene. This gene is induced upon
viral infection of mammalian cells. One goal of the cell,
once virally infecred, is to amempr to mount an ancivi-
ral response—if not to save the infected cell, then w
help o save the entire organism from viral infection.
Interferon production is one mechanism by which dhis
is accomplished. This family of proteins is secreted by
virally infected cells. They interact with neighboring
cells to cause an inhibition of viral replication by a vari-
ety of mechanisms, thereby limiting the extent of viral
infection. The enhancer element controlling induction
of this gene, located berween nucleotides —110 and —45
of the B-interferon gene, is well characterized, This en-
hancer is composed of four distinct cluscered cis ele-
ments, each of which is bound by distincr trans factors.
Oine cis element is bound by the trans-acting facror
NEF-kB, one by a member of the IRF (interferon regula-
tory factor) family of trans factors, and a third by the
hererodimeric leucine zipper factor ATF-2/c-Jun. The
fourth factor is the ubiquitous, architectural transcrip-
ton tactor known as HMG I(Y). Upon binding ro its
degenerate, A+ T-rich binding sites, HMG IY) induces
a significant bend in the DNA, There are four such
HMG 1Y) binding sites interspersed throughour the
enhancer. These sites play a critical role in forming the
enhanceosome, along with the aforementioned chree
trans factors, by inducing a series of crivically spaced
DNA bends. Consequendy, HMG IY) induces the co-
operative formation of a unique, stereospecific, three
dimensional scrucrure within which all four facrors are
active when viral infection signals are sensed by the cell.

The structure formed by the cooperative assembly of

these four factors is rermed the B-interferon enhanceo-
some (see Figure 39-9), so named because of i obvi-
ous structural similariy o the nucleosome, also a
unique three-dimensional protein DNA structure tha
wraps [INA about an assembly of proteins (see Figures
36-1 and 36-2). The enhanceasome, once formed, in-
duces a farge increase in [-interferon gene transcription
upen virus infection. It is not simply the protein occu-
pancy of the linearly apposed cis element sites thac in-
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duces B-interferon gene transcription—rather, it is the
formation of the enhanceosome proper that provides
appropriate surfaces for the recruitment of coactivators
that results in the enhanced formanion of the PIC on
the cis-linked promoter and thus transcription activa-
tion,

The cis-acting elements that decrease or repress the
expression of specific genes have also been identified.
Because fower of these elements have been studied, it s
nat possible to formulite generlizatons about cheir
mechanism nF;crinn—thquh aE:L':n, as for gene activa-
tion, chromatin level covalent modifications of histones
and other proteins by (repressor)-recruiced  mulosub-
unit corcpressors have been implicaced,

Tissue-Specific Expression May
Result From the Action
of Enhancers or Repressors

Many genes are now recognized to harbor enhancer or
activaror clements in various locations relative to their
coding regions. In addidon to being able o enhance
gene cranscription, some of these enhancer elements
clearly posscss the ability to do so in a tissuc-specific
manner. Thus, the enhancer clement associated with
the immunoglobulin genes between the | and C regions
enhances the cxpression of those genes preferencially in
lymphoid cells. Similarly to the 5¥40 enhancer, which
is capable of promiscuously activating a varicty of cis-
linked genes, enhancer elements associared with the
genes for pancreatic enzymes are capable of enhancing
even unrelated but physically linked genes preferencially
in the pancreatic cells of mice into which the specifi-
cally engincered gene constructions were introduced
microsurgically ar the single-cell embryo stape. This
transgenic animal approach has proved uscful in
studying tissuc-specific gene expression. For example,
DMNA containing a pancreatic B cell tissue-specific en-
hancer (from the insulin genc), when ligated in a vecror
to polyoma large-T antigen, an oncogene, produced
B ccll rumors in transgenic mice. Tumors did nor de-
velop in any other rissue. Tissue-specific gene expres-
sion may therefore be mediared by enhancers or en-
hancer-like clements,

Reporter Genes Are Used to Define
Enhancers & Other Regulatory Elements

By ligating regions of DINA suspected of harboring reg-
ulatory sequences to various reporter genes (the re-
porter or chimeric gene approach) (Figures 39-10
and 39-11}, onc can determine which regions in the
vicinity of structural genes have an influence on their
expression, Picces of DMNA thought o harbor regula-
tory clements arc ligaced o a suitable reporter gene and
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Figure 39-9.

Formation and putative structure of the enhanceosome formed on the human f-interferon gene

enhancer. Diagramatically represented at the top is the distribution of the multiple cis-elements (HMG, PROIV,
FRDI-III, PRDII, NRDI) compaosing the f-interferon gene enhancer. The intact enhancer mediates transcriptional in-
duction of the f-interferon gene (over 100-fold) upon virus infection of human cells. The cis-elements of this modu-
lar enhancer represent the binding sites for the trans-factors HMG I(Y), clun-ATF-2, IRF3, IRF?, and NF-&B, respec-
tively. The factors interact with these DNA elements in an obligatory, ordered, and highly cooperative fashion as
indicated by the amrow. Initial binding of four HMG I{Y) proteins induces sharp DMA bends in the enhancer, causing
the entire 70-80 bp region to assume a high level of curvature. This curvature is integral to the subsequent highly
cooperative binding of the other trans-factors since this enables the DNA-bound factors to make important, direct
protein-protein interactions that both contribute to the formation and stability of the enhanceosome and generate
a unigue three-dimensional surface that serves to recruit chromatin-modifying activities {eg, Swi'anf and F/CAF) as
well as the general transcription machinery (RNA polymerase Il and GTFs). Although four of the five cis-elements
(PRDIV, PROIHII, PRO, NRDI) independently can modestly stimulate {~tenfold) transcription of a reporter gene in
transfected cells (see Figures 39-10 and 39-12), all five cis-elemeants, in appropriate order, are required to form an
enhancer that can appropriately stimulate mRNA gene transcription (ie, = 100-fold) in response to viral infection of a
human cell. This distinction indicates the strict requirement for appropriate enhanceosome architecture for efficient
trans-activation, Similar enhanceosomes, invalving distinct cis- and trans-factors, are proposed to form on many

other mammalian genes.

introduced into a host cell (Figure 39-10), Basal ex-
pression of the reporter gene will be increased if the
DNA contains an enhancer. Addition of a hormone or
heavy meral to the culture medium will increase expres-
sion of the reporter gene if the DNA contains a hor-
maone or metal response element (Figure 32-11). The
location of the element can be pinpointed by using pro-
gressively shorter pieces of DNA, deletions, or poine
mucations (Figure 39-11).

This strategy, using transfected cells in culture
and transgenic animals, has led to the identification
of dozens of enhancers, repressors, tissue-specific ele-
ments, and hormone, heavy metal, and drug-response
elements, The activity of a gene at any moment re-
flects the interaction of these numerous cis-acting
DNA elements with their respective trans-acting fac-
tors. The challenge mow is to figure our how this oc-
curs.
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Figure 39-10. The use of reporter genes to define
DMA regulatory elements. A DMNA fragment from the
gene in question—in this example, approximately 2 kb
of 5'-flanking DMA and cognate promoter—is ligated
into a plasmid vector that contains a switable reporter
gene—in this case, the bacterial enzyme chlerampheni-
col transferase (CAT). The enzyme luciferase (abbrevi-
ated LUC) is another popular reporter gene. Meither
LUC nor CAT Is present in mammalian cells; hence, de-
tection of these activities in a cell extract means that
the cell was successfully transfected by the plasmid. An
increase of CAT activity aver the basal level, eg, after
addition of one or more hormones, means that the re-
gion of DMA inserted into the reporter gene plasmid
contains functional hormone response elements (HRE).
Progressively shorter pieces of DNA, regions with inter-
nal deletions, or regions with point mutations can be
constructed and inserted to pinpaint the response ele-
ment {see Figure 39-11 for deletion mapping of the rel-
evant HREs).

Combinations of DNA Elements

& Associated Proteins Provide

Diversity in Responses

Prnlcar}'nriu: gch:s ane nﬁ:n rcgu:latcvrj 'Ln an nn—uﬂ‘- Iman-

ner in response to simple environmental cues. Some eu-
karyotic genes are regulated in the simple on-off man-
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ner, but the process in most genes, especially in mam-
mals, is much mare complicated. Signals representing a
number of c{:nmplr_'x environmencal stimuli may con-
verge on a single gene. The response of the gene w
these signals can have several physiologic characteristics.
First, the response may cxtend over a considerable
range, This is accomphished by having additive and syn-
ergistic Fﬂ-biti‘-'l'»: responses counterbalanced by n:.g:ltiw:
or repressing cffects, In some cases, either the pasitive
or the negative response can be dominant. Also re-
quired 15 a mechanism whereby an effector such as a
hormone can activaee some genes in a cell while repress-
ing others and leaving still others unaffecred, When all
of these processes are coupled with tissuc-specific ele-
ment factors, considerable fexibility 15 afforded. These
physiologic variables obviously require an arrangement
much more complicated than an on-off switch. The
array of DNA elements in a promoter specifies—with
associated factors—how a given gene will respond.
Some simple examples arc illusrated in Figure 39-12,

Transcription Domains Can Be Defined by
Locus Control Regions & Insulators

The large number of genes in eukarvotic cells and the
complex arrays of rranscriprion regulatory facrors pre-
sents an organizational problem. Why are some genes
available for transcription in a given cell whereas others
arc not? If enhancers can regulate several genes and are
not position- and orientation-dependent, how are they
prevented from wriggering cranscriprion randomlby? Part
of the solution to these problems is arrived at by having
the chromatin arranged in funciional units that restrict
patterns of gene expression. This may be achieved by
having the chromatin form a structure with the nuclear
matrix or other physical entity, or compartments
within the nucleus. Alternatively, some regions are con-
trolled by complex DNA elements called locus control
regions (LCRs), An LCR—with associated bound pro-
teins—controls the expression of a cluster of genes, The
best-defined LCR regulates expression of the globin
gene family over a large region of DNA. Another mech-
anism is provided by insulators. These DNA elements,
also in association with one or more proteins, prevent
an enhancer from acting on a promoter on the other
side of an insulator in another transcription domain.

SEVERAL MOTIFS MEDIATE THE BINDING
OF REGULATORY PROTEINS TO DNA

The specificity involved in the control of transcription
requires that regulatory proteins bind with high affinity
to the correct region of DNA, Three unique morifs—
the helix-turn-helix, the zinc finger, and the leucine
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REFPOHATER GEMNE CONSTRUCTS  HORMONE-DEFENDENT

WITH VARIABLE AMOUNTS TRANSCRIPTION
OF 5-FLANKIMG DNA INDIACTION
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o 5 o Figure 39-11. Location of hormone response ele-

-
- I AT rnents (HAEs) A, B, and C using the reporter
T T T T T T T T T T s gene—transfection approach, A family of reporter
e 1000 Ey genes, constructed as described in Figure 39-10, can

Nucleciide position be transfected individually into a recipient cell. By an-
@+ alyzing when certaln hormeone responses are lost in
HRE HRE HRE comparison to the 5° deletion, specific hormone-

A B c responsive elements can be located.

zipper—account for many of these specific protein-
DNA interactions. Examples of proteins containing
these motifs are given in Table 39-3.

Comparison of the binding activities of the proteins
that contain these motifs leads to several important
generalizations.

i

)

g9

Gene A |

(o

(1) Binding must be of high affinity to the specific Gane B |
site and of low affinity to ocher DNA,

{2} Small regians of the pmn:in make direct contace
with DMNA: the rest of the protein, in addition to pro-

@

9 |
0

8

Figure 39-12. Combinations of DNA elements and
proteins provide diversity in the response of a gene,
Gene A is activated (the width of the arrow indicates

Gene C

Table 39-3. Examples of transcription regulatory
proteins that contain the various binding maotifs.

5 I!i_nqmg M.Ft..'f .‘.’.’.9"."?"”." R_ggt_.l_lat_qry P"‘!‘.“-‘.‘." = the extent) by the combination of activators 1, 2, and 3
Helix-turn-helix | E coli lac repressar (probably with coactivators, as shown in Figure 37-10).
CAP Gene B is activated, in this case more effectively, by the
Fhage kel cro, and tryptophan and combination of 1, 3, and 4; note that 4 does not contact

434 repressors DMA directly in this example. The activators could form

Mammals | homea box proteins a linear bridge that links the basal machinery ta the

P 1, O], Dat? promoter, or this could be accamplished by looping
Zinc finger E calf Gene 31 protein out of the DNA. In either case, the purpose is to direct
Yeast Gal4 the basal transcription machinery to the promoter,
Drosophila | Serendipity, Hunchback Gene C is inactivated by the combination of 1, 5, and 3;

Xenopus | TFINA

; : p !
Mamemale | steroid Fecentor By, Spit in this case, factor 5 is shown to preclude the essential

binding of factor 2 to DNA, as ocours in example A_If

Leucine zipper | Yeast GCM4 activator 1 helps repressor 5 bind and if activator 1
Mammals | C/EBP, fos, Jun, Fra-1, binding requires a ligand (solid dot), it can be seen how
CRE binding protein, the ligand could activate one gene in a cell [gene A)

C-MyG, n-myc, bmye and repress another (gene C).




viding the trans-activation domains, may be involved in
the dimerization of monomers of the binding protein,
may provide a contace surface for the formation of het-
erodimers, may provide one or more ligand-binding
sites, or may provide surfaces for interaction with coac-
tvators or Eﬂfl;'r.l FCA50S.

(3) The protein-DMNA interactions are maimtained
by hydrogen bonds and van der Waals forces.

(4) The maotifs found in these proteins are unique;
their presence in @ protein of unknown function sug-
gests that the protein may bind o DINA,

(5) Proceins with the helie-rum-helix or leucine zip-
per matifs form symmetric dimers, and their respective
DNA binding sites are symmetric palindromes. In pro-
teins with the zinc Anger motif, the binding site &5 re-
peated two to nine times. These features allow for co-
operative interactions  between  binding  sites and
enhance the degree and affinity of binding.

34 A

S . Twofold
q+.-qr.-q_:.:q_i?_+__r_q+u+p- axis of
3 T gymmelry

Figure 39-13.
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The Helix-Turn-Helix Motif

The first motif described—and the one studied most
exeensively—is  the helix-turn-helix.  Analysis of the
three-dimensional structure of the & Cro transenprion
regulator has revealed thar cach monomer consists of
three antiparallel B sheets and three @ helices (Figure
39-13). The dimer forms by association of the antpar-
allel [, sheets. The oty helices form the DNA recogni-
tion surface, and the rest of the molecule appears to be
involved in scabilizing these structures, The average di-
amerer of an o helix is 1.2 nm, which is the approxi-
mate width of the major groove in the B form of DINA.
The DNA recognition domain of cach Cro monomer
interacts with 5 bp and the dimer binding sites span
34 nm, allowing fir into successive half twms of the
major groove on the same surface (Figure 39-13), X-ray
analyses of the A ¢l repressor, CAP (the cAMP recepror

A schematic representation of the three-dimensional structure of Cro protein and its binding to

DNA by its helix-turn-helix motif. The Cro monomer consists of three antiparallel f sheets (§,-[3;) and three
ti-helices (o, —o,). The helix-turn-helix motif is formed because the o, and o, helices are held at about 90 degrees
to each other by a turn of four amine acids. The g, helix of Cro is the DNA recognition surface (shaded). Two
monomers associate through the antiparallel 33 sheets to form a dimer that has a twofold axis of symmetry
{right). & Cro dimer binds to DNA through its o, helices, each of which contacts about 5 bp on the same surface of
the major groove, The distance between comparable points on the two DNA t-helices is 34 A, which is the dis-
tance required for one complete turn of the double helix. (Courtesy of B Mathews)
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protein of E cel), tryprophan repressor, and phage 434
rﬂp'ﬂ'ﬁmr Il]] -'ll.bu diﬁplﬂ}r l‘]‘i]'i. dim(‘ric ]'Ll:lllx-tum-hc[ix
structure that is present in eukaryotic DNA prateins as
well {sec Table 39-3).

The Zinc Finger Motif

The zinc finger was the second DINA binding morif
whose atomic structure was elucidated, It was known
that the protein TFIIIA, a positive regulator of 55 RNA
transeription, required zine for activiry, Structural and
biophysical analyses revealed that each TFIIA molecule
I:ilntam: I'I'IHL ZJI'IL' Jﬂrl\ |.|'| a FEF'EJ"TIE EUUT{I'lna rlon
complex formed by closely spaced cysteine-cysteine
residues followed 12-13 amino acids later by a hist-
dine-histidine pair (Figure 39-14), In some instances—
notably the steroid-thyroid receptor family—the His-
His doubler is replaced by a second Cys-Cys pair. The
protein containing zing fingers appears to lic on one
face of the DNA helix, with successive fingers alterna-
tively positioned in one turm in the major groove, As is
the case with the recognition domain in the helix-turn-
helix protein, cach TFIHA zinc finger contaces about
5 bp of DNA, The importance of this motif in the ac-
tion of steroid hormones 15 underscored by an “experi-
ment of nature.” A single amino acid mutation in either
of the two zinc fingers of the 1,25(0H),-D; receptor
protein results in resistance to the action of this hor-
mone and the dinical syndrome of rickecs,

SOW
» e

Cya-Cys zinc fingar

Figure 39-14. Zincfingers are a series of repeated
domains (two to nine) in which each s centered on a
tetrahedral coordination with zinc. In the case of TFIIA,
the coordination is provided by a pair of cysteine
residues (C) separated by 12-13 amino acids from a
pair of histidine (H) residues. In other zinc finger pro-
teins, the second pair also consists of C residues. Zinc
fingers bind in the major groove, with adjacent fingers
miaking contact with 5 bp along the same face of the
helix.

BO®
AL

Cya-His zine finger

The Leucine Zipper Motif

Carcful analysis of a 30-amino-acid sequence in the car-
boxyl terminal region of the enhancer binding protein
C/EBP revealed a novel structure, As illustrared in Fig-
ure 39-15, this region of the protein forms an ¢ helix
in which there 15 a periodic repear of leucine residues at
every seventh position. This ocours for eighe helical
turns and four leucine repears. Similar structures have
been found in a number of other proteins associared
with the regulation of transcripeion in mammalian and
veast cells, It is thoughr thar chis strucrure allows two
identical monomers or heterodimers (eg, Fos-Jun or
Jun-Jun) to “zip rogether” in a coiled coil and form a
tight dimeric complex (Figure 39-15). This protein-
protein interaction may serve to enhance the associa-
tion of the separare DNA binding domains with their
rarget (Figure 39-13),

THE DNA BINDING & TRANS-ACTIVATION
DOMAINS OF MOST REGULATORY
PROTEINS ARE SEPARATE

& NONINTERACTIVE

DNA binding could result in a general conformartional
change thar allows the bound protein to acrivare tran-
scription, or these two functions could be served by
separate and independent domains. Domain swap ex-
periments suggest that the lacer is the case.

The GALI gene product is involved in galacrose me-
tabolism in yeast. Transcription of this gene is positively
regulared b}' the GAL4 protein, which binds o an up-
stream activator sequence (UAS), or enhancer, through
an amino terminal domain. The amino terminal 73-
amino-acid DNA-binding domain (DBDY) of GAL4 was
removed and replaced wich the DBD of LexA, an E cali
DNA-binding protein. This domain swap resulred in a
molecule that did not bind o the GALD UAS and, of
course, did not activare the GALS gene (Figure 39-16).
[f, however, the fexd operator—the DNA sequence nor-
mally bound by the lexd DBD—was inserted into the
promoter region of the AL gene, the hybrid prorcin
bound to this promorter {ar the fexd operaror) and it ac-
tivated transcription of (GALL, This experiment, which
has been repeated a number of times, affords solid evi-
dence thar the carboxyl terminal region of GAL4 causes
transcriptional activation. These data also demonstrare
that the DNA-binding DBD and trans-activation do-
mains {ADs) are independent and noninteractive. The
hierarchy involved in assembling gene transcription acri-
vating complexes includes proteins that bind DNA and
trans-activare; others thac form protein-protein com-
plexes which bridge DNA-binding proteins to trans-
activaring proteins; and others thar form prorein-prorein
complexes with components of the basal wanscriprion
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NH,

HH,

Figure 39-15. The leucine zipper motif, A shows a helical wheel analysis of a carboxyl terminal pertion of the
DA binding protein C/EBP. The amino acid sequence is displayed end-to-end down the axis of a schematic
-helix. The helical wheel consists of seven spokes that correspond to the seven amino acids that comprise every
two turns of the c-helix, Mote that leucine residues (L) occur at evary seventh position, Other proteins with
“leucine zippers" have a similar helical wheel pattern. B is a schematic model of the DMNA binding domain of C/EBP.
Two identical C/EBP polypeptide chains are held in dimer formation by the leucine zipper domain of each
polypeptide (denoted by the rectangles and attached ovals). This association is apparently required to hold the
OMA binding domains of each polypeptide (the shaded rectangles) in the proper conformation for DNA binding.

[Courtesy af 5 McKnight)

apparatus, A given protein may thus have several sur-
faces or domains that serve different functions (sce Fig-
ure 39-17). As described in Chapter 37, the primary
purpose of these complex assemblies is to facilitate the
assembly of the basal transcription apparacus on the cis-
linked promoter,

GENE REGULATION IN PROKARYOTES
& EUKARYOTES DIFFERS IN
IMPORTANT RESPECTS

In addition to transcription, cukaryonc cells employ a
varicty of mechanisms to regulate gene expression
{Table 39—4), The nuclear membrane of cukaryotic
cells physically segregares gene transcription from crans-
lation, since ribosomes exist only in the cytoplasm.
Many more steps, especially in RINA processing, are in-
volved in the expression of eukaryotic genes than of
prokaryotic genes, and these steps provide additional
sites for regulatory influences thar cannor exist n

prokarvores, These RNA processing steps in cukaryores,
described in detail in Chaprer 37, include capping of
the 5 ends of the primary transcripts, addivon of a
polvadenylace tail to the 3" ends of transcripes, and exci-
sion of intron regions w generare spliced exons in the
mature mRNA molecule, To date, analyses of cukary-
otic gene cxpression provide evidence thar regulation
oceurs ar the level of transcription, nuclear RNA pro-
cessing, and mRNA stability. [n addition, gene ampli-
fication and rearrangement influence gene cxpression.

Owing to the advent of recombinant DNA technol-
ogy, much progress has been made in recent years in
the understanding of cukaryotic gene expression. How-
cver, because most cukaryotic organisms contain so
much more genetic information than do prokaryores
and because manipulation of their genes 15 so much
more limited, molecular aspects of cukaryotic gene reg-
ulation arc less well understood than the cxamples
discussed carlicr in this chapter. This scction bricfly de-
scribes a fow different wypes of eukaryotic gene regula-
tion.
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Figure 39-186.

Domain-swap experiments demonstrate the independent nature of DMA binding and transcrip-

tion activation domains. The GALT gene promaoter contains an upstream activating sequence (UAS) or enhancer that
binds the regulatory protein GAL4 (A). This interaction results in a stimulation of GALT gene transcription. A chimeric
protein, in which the amine terminal DNA binding domain of GAL4 is removed and replaced with the DNA binding
region of the £ coli protein LexA, fails to stimulate GAL1 transcription because the LexA domain cannot bind to the
UAS (B). The LexA-GALA fusion protein does increase GALT transcription when the lexd operator (its natural target)

is inserted into the GALT promoter region (C).

Liggand-binding domain

DMA-binding domain

Figure 39-17. Proteins that regulate transcription
have several domains. This hypaothetical transcription
factor has a DNA-binding domain [DBD) that is distinet
from a ligand-binding domain (LBD} and several activa-
tion domains (ADs) (1-4), Other proteins may lack the
DBD or LED and all may have variable numbers of
domains that contact other proteins, including
co-regulators and those of the basal transcription
complex [see also Chapters 42 and 43).

Eukaryotic Genes Can Be Amplified
or Rearranged During Development
or in Response to Drugs

Dwring early development of metazoans, there is an
abrupt increase in the need for specific molecules such
as ribosomal RNA and messenger RNA molecules for
proteins that make up such organs as the cggshell. One
way to increase the rate ar which such molecules can be
formed is to increase the number of genes available for
transcription of these specific molecules. Among the
repetitive DNA sequences are hundreds of copies of ri-
bosomal RMNA genes and (tRNA genes. These genes pre-
exist repertitively in the genomic marerial of the gameres

Table 39-4. Gene expression is regulated by
transcription and in numerous other ways in
eukaryotic cells.

« Gene amplification

+ (ene rearrangement

* RNA processing

* Alternate mANA splicing

* Transport of mRAMA from nucleus to cytoplasm
+ Regulation of mBNA stability




and thus are transmitted in high copy numbers from
generation to generation, In some specific organisms
such as the Fruit fly (drosophilal, there occurs during
oogenests an amplification of a few preexisting genes
such as those for the chorion (eggshell) proteins, Subse-
quently, these amplified genes, presumably generated
by a process of repeated initiations during DNA sym-
thesis, provide multple sites for gene transcription
{Figures 3616 and 39-18),

As noted in Chapter 37, the coding sequences re-
sponsible for the generation of specific protein mole-
cules are frequentdy not contiguous in the mammalian
genome, In the case of antibody encoding genes, this is
particularly true, As described in detail in Chapter 50,
immunoglobuling are composed of two polypeprides,
the so-called heavy {abour 50 k[Da) and light (abour 25
kDa) chains, The mRMNAs encoding these two protein
subunits are encaded by gene sequences that are sub-
jected to extensive DNA sequence-coding changes.
These DMA coding changes are integral to generating
the requisite recognition diversity central to appropriate
immune function,

lgG heavy and light chain mBNAs are encoded by
several different segments that are tandemly repeared in
the germline, Thus, for example, the Igl light chain is
compased of variable (W), joining (J.), and constant
(Cy) domains or segmenes. For particular subsets of
lgG light chains, there are roughly 300 andemly re-
peated V) gene coding segments, five tandemly
arranged || coding sequences, and roughly ten O gene
coding segments. All of these muluple, distnct coding
regions are located in the same region of the same chro-
mosome, and cach type of coding segment (V, ], and
Cyodis tandemly repeated in head-to-tail Fshion within
the segment repeat region. By having muldple V,, ],
and C; segments o choose from, an immune cell has a
greater repertoire of sequences to work with to develop

Unamplifiad 836 38

536 538

Ampiiisd //E-\H\
N\ = =7

Figure 39-18. Schematic representation of the am-
plification of chorion protein genes 536 and 538, (Repro-
duced, with permission, from Chisholm B Gene amplifica
tion during development. Trends Biochem Sci 1982,7:161.)
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both immunologic fAexibility and specificity, However,
a given functional IgG light chain transcription unit—
like all other “normal” mammalian  transcription
units—contains only the coding sequences for a single
pratein, Thus, before a particular IgG light chain can
be expressed, single V, 1. and Cp coding sequences
must be recombined to generate a smele, contiguous
transcription unit excluding the muldple nonucilized
segments (ie, the other approximacely 300 unused V.
segments, the other four unused |} segments, and the
ather nine unused C; segments). This delenon of un-
used generic information is accomplished by selective
DMNA recombination that removes the unwanted cod-
ing DNA while retaining the required coding se-
quences; one Vi, one |, and one Cp sequence. (V) se-
quences are subjected to additional point mutagenesis
to generate even more variabilig—hence the name.}
The newly recombined sequences thus form a single
transcription unit that is competent for RNA polym-
erase [l-mediated transcripoion. Although the IgG
genes represent one of the best-studied instances of di-
rected DINA rearrangement maodulating gene expres-
sion, other cases of gene regulatory DNA rearrange-
ment have been deseribed in the literature, Indeed, as
detailed below, drug-induced gene amplification 15 an
important complication of cancer chemotherapy.

[n recent years, it has been possible 1o promore the
amplification of specific genetic regions in cultured
mammalian cells, In some cases, a several thousand-fold
increase in the copy number of specific genes can be
achieved over a period of dme involving increasing doses
of selective drugs. In fact, it has been demonstrated in
p:l.ti::nrx r{:n:l:i'l.rllng| methotrexare for cancer that m:lig—
nant cells can develap drug resistance by increasing the
number of genes for dibydrofolate reductase, the rarget
of methotrexate. Gene amplification events such as these
occur spontancously in vive—ie, in the absence of ox-
ogenausly supplied selective agents—and these unsched-
uled exera rounds of replication can become *frozen™ in
the genome under appropriate selective pressures.

Alternative RNA Processing
Is Another Control Mechanism

In addition to affecting the efficiency of promoter uri-
lization, eukaryotic cells employ alternative RNA pro-
cessing o control gene expression. This can result when
alternative  promoters, intron-cxon  splice  sites, or
polyvadenylation sites are used. Ovccasionally, hetero-
geneity within a cell resuls, bur more commonly the
same primary transcript is processed differentdy in dif-
ferent tissues. A few cxamples of cach of these oypes of
regulation are presented below,

The use of alternative transcription start sites re-
sults in a different 57 cxon on mRNAs corresponding o
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maouse amylase and myosin lighe chain, rat glucokinase,
and drosophila alcohol dehydrogenase and actin. Alter-
native polyadenylation sites in the 4 immunaoglobulin
heavy chain primary transcripe result in mBNAs tha
are cither 2700 bases long (W) or 2400 bases long (W),
This resules in a different carboxyl terminal region of
the encoded proteins such that the U, protein remains
attached to the membrane of the B lymphocyee and the
B, immunoglobulin is sccreted. Alternative splicing
and processing results in the formation of seven
unigue G-tropomyosin mENAs in seven different tis-
sucs. It is not cdlear how these processing-splicing deci-
sions are made or whether these steps can be regulated.

Regulation of Messenger RNA Stability
Provides Another Control Mechanism

Although most mBNAs in mammalian cells are very
stable (half-lives measured in hours), some turn over
very rapidly (half-lives of 10-30 minutes). In certain in-
stances, mRNA stability is subject to regulation. This
has important implications since there &5 usually a di-
rect relationship between mBNA amount and the
ranslation of that mBENA inte s cognate protein,
{:Iungc:s in the stabi]ir}r of a .:P:'::iﬂc mRNA can there-
fore have major effects on biologic processes,

Messenger RNAs exist in the cytoplasm us ribonu-
cleoprocein particles (RNPs). Some of these proceins
protect the mRNA from digestion by nucleases, while
others may under certain conditions promote nuclease
attack, [t is thoughe thar mRNAs are seabilized or desta-
bilized by the interaction of proteins with these various
structures or sequences, Certain eflectors, such as hor-
IMIanes,; rl13.:|.r Tcgulal‘c mRNf&l. S[nhiilw bF i.l'H:lﬂ'aNIFrlE or
decreasing the amount of these proteins.

It appears that the ends of mRNA molecules are
involved in mRNA stability (Figure 39-19), The 5'

cap structure in cukaryotic mRNA prevents attack by 5
Emnuclfﬁﬁﬂﬁ. ﬂnﬂ.{ rhﬂ I'.HJ[}"{A]’ t:l.l] Frﬂhihits I‘hc actiuﬂ.
of 3 exonucleases, In mENA molecules with those
structures, it is presumed that a single endonucleolytic
cut allows exonucleases to attack and digest the entire
molecule. Other structures (sequences) in the 5° non-
coding sequence (5" NCS), the coding region, and the
3 NCS are thoughe o promote or prevene this inial
endonucleolytic action (Figure 39-19). A few illustra-
fve cxnmp[:s will be cited.

Deletion of the 5° NOCS results in a threefold to Fve-
fold prolongation of the half-life of c-mye mRNA, Shor-
ening the coding region of histone mRNA results in a
prolonged half-life. A form of autoregulation of mRNA
stabiliy indirectly involves the coding region, Free tubu-
lin binds o the frst four amine acids of a nascent chain
of twbulin as it emerges from the ribosome, This appears
to activate an RNase associated with the ribosome (RNI
which then digests the tubulin mRNA.

Structures at the 3’ end, including the poly{A) tail.
enhance ar diminish the stabilicy ufgspr:cl'ﬁc mRMNAs,
The absence of a poly(A) tail is associated with rapid
degradation of mRNA, and the removal of poly(A)
from some RMNAs results in their destabilization. His-
tone mEMNAs lack a poly(A) tail but have a sequence
near the 3° terminal that can form a stem-loop struc-
ture, and this appears to provide resistance to exonucle-
olync artack. Histone H4 mRNA, for example, 15 de-
graded in the 3’ to 5 direction but only after a single
endonucleolytic cut occurs about nine nucleotides from
the 3" end in the region of the putanve stem-loop struc-
ture. Stem-loop structures in the 3 noncoding se-
quence are also critical for the regulation, by iron, of
the mRMNA encoding the transferrin receprar, Stem-
loop structures are also associated with mBNA seabilivy
in bacteria, suggestng that this mechanism may be
commonly employed,

5 NCS

Coding

— A-A-A-A-A"

©

Figure 35-19.

ADUUA

Structure of a typical eukaryotic mRMNA showing

elements that are invalved in regulating mRNA stahility. The typical
eukaryotic mRMA has a 5" noncoding sequence (5 NCS), a coding
region, and a 3" NC5. All are capped at the 5" end, and most have a
polyadenylate sequence at the 3" end. The 57 cap and 37 polylA) tail
protect the mRNA against exonuclease attack. Stem-loop structures
inthe 5 and 3" MCS, features in the coding sequence, and the AU-
rich region in the 3" NCS are thought to play roles in mRNA stability.



Other sequences in the 3 ends of certain cukaryotic
mBMNAs appear to be involved in the destabilization of
these molecules. OF particular interest are AU-rich re-
gions, many of which coneuin the sequence AUUUA.
This sequence appears in mRNAs that have a very short
hal-life, including some encoding oncogene proteins
and cytokines, The importance of this region is under-
scored by an experiment in which a sequence corre-
sponding to the 3’ noncoding region of the short-half-
life colony-stimulating factor (CSF) mBMNA, which
contains the AUUUA monif, was added 1o the 3° end of
the [-globin mRNA. Instead of becoming very stable,
this hybrid fi-glohin mRNA now had the share-half-ife
characteristic of CSF mRNA.

From the few examples cited, it is clear that 2 num-
ber of mechanisms are used o regulare mRNA swabil-
ity—just as several mechanisms are used to regulate the
synthesis of mRMNA. Coordinate regulation of these two
processes confers on the cell remarkable adapeability.

SUMMARY

* The gencric consttutions of nearly all metazoan so-
matic cells are idenocal.

* Phenotype (tssue or cell specificity) is dictated by
differences in gene expression of this complement of
g:ﬂﬂﬁ.

* Alrerations in gene expression allow a cell 1o adapr to
environmental changes.

* Gene expression can be controlled ar multple levels
by changes in transcription, RNA processing, local-
ization, and saability or utilization. Gene amplifica-
tion and rearrangements also influence gene expres-
sion.

* Transcription controls operate at the level of protein-
DNA and protein-protein interactions. These inter-
actions display protein domain modularity and high
specificity,

* Several different classes of DNA-binding domains
have been idenrified in rranscriprion factors,

* Chromarin modifications are important in cukary-
otic rranscriprion concrol,
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Molecular Genetics, Recombinant
DNA, & Genomic Technology

Daryl K. Granner, MD, & P. Anthony Weil, PhD

BIOMEDICAL IMPORTAMCE"

The development of recombinant DINA, high-density,
high-throughpur screening, and other molecular ge-
nctic methodologics has revolutionized biology and is
having an increasing impact on clinical medicine,
Much has been learned abour human genetic discase
from pedigree analysis and study of affected proteins,
but in many cases where the specific genetic defeer is
unknown. these approaches cannot be used. The new
technologies circumvent these limitations by going di-
rectly to the DMA molecule for information. Manipu-
lation of a DNA sequence and the construction of
chimeric molecules—so-called genetic engineering—
provides a means of studving how a specific segment of
DMA works. Movel molecular genetic wools allow inves-
tigators to query and manipulate genomic sequences as
well as to cxamine both cellular mRMNA and protein
profiles ar the molecular [evel.

Understanding this rechnology is important for sev-
cral reasons: (1) It offers a ragonal approach to under-
standing the molecular basis of a number of discascs
(eg, familial hypercholesterolemia, sickle ccll discase,
the thalassemias, cystic fibrosis, muscular dystrophy).
(2) Human proteins can be produced in abundance for
therapy (eg. insulin, growth hormone, tissuc plasmino-
gen activator). (3) Proteins for vaccines (cg, hepattis B)
and for diagnostic testing (cg, AIDS tests) can be ob-
rained. (4) This cechnology is used o diagnose existing
discases and predics the risk of developing a given dis-
case, (5) Special technigues have led 1 remarkable ad-
vances in forensic medicine. (6) Gene therapy for sickle
cell discase, the thalassemias, adenosine deaminase defi-
ciency, and other discases may be devised.

* See glossary of rerms ar the end of this chaprer
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ELUCIDATION OF THE BASIC FEATURES
OF DNA LED TO RECOMBINANT
DNA TECHNOLOGY

DNA Is a Complex Biopolymer
Organized as a Double Helix

The fundamental organizational element is the se
quence of purine Ladininr [A] or guanine [G]) and
pyrimidine (cytosine [C] or thymine [T]) bases. These
bases are arrached to the C-1” position of the sugar de-
oxyribose, and the bases are Enked together through
joining of the sugar moieties ar their 3" and 5 positions
via a phosphodiester bond (Figure 35-1). The alternac-
ing deoxyribose and I.)hu:w;phate groups form the back-
bone of the double helix (Figure 35-2). These 3'-5"
linkages also define the orientation of a given strand of
the DNA molecule, and, since the two strands run in
apposite directions, they are said to be antiparallel,

Base Pairing Is a Fundamental Concept
of DNA Structure & Function

Adenine and thymine always pair, by hydrogen bonding,
as do guanine and cytosine (Figure 35-3). These basc
pairs are said to be complementary, and the guanine
content of a fragment of double-stranded DNA will al-
ways equal its cytosine content; likewise, the thymine
and adenine contents are cqual, Base pairing and hy-
drophobic base-stacking interactions hold the two DINA
strands together, These interactions can be reduced by
heating the DINA to denaturc it. The laws of base pairing
predict that two complementary DNA strands will rean-
neal exactly in register upon renaturation, as happens
when the temperature of the solution is slowly reduced to
normal. Indeed, the degree of basc-pair matching (or
mismatching) can be estimated from the temperature re-
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quired for denaturation-renaturation. Segments of DMNA
with high degrees afbase-pair matching require more en-
ergy input (heat) to accomplish denaturation—or, to put
itanother way, a closely macched segment will withstand
mare heat before the strands separate. This reaction is
used to determine whether there are significant differ-
ences between two DNA sequences, and it underlies the
concept of hybridization, which s fundamental to the
processes deseribed below,

There are about 3 % 107 base pairs (bp) in each
human haploid me. IF an average gene length s
3% 10 bp (3 kllubam [kb]}, the genome could consist
of 10° genes, assuming that there is no overlap and that
transcription  proceeds in nnly one direction. e is
thought that there are < 107 genes in the human and
thar only 1-2% of the IINA codes for prowins, The
exact function of the remaining -98% of the human
genome has not yet been defined.

The double-helical DNA is packaged into a more
compact structure by a number of proteins, maost
notably the basic proteins called histones, This con-
densation may serve a regulatory role and certainly has
a practical purpose. The DNA present within the nu-
cleus of a cell, if simply extended, would be abour
I meter long, The chromosamal proteins compact this
long serand of DNA so that it can be packaged into a
nucleus with a volume of a few cubic micrometers.

DNA Is Organized Into Genes

[m general, prokaryotic genes consist of 3 small regula-
tory region (100-500 bp) and a large protcin-coding
segment (300-10,000 bp), Several genes are often con-
trolled by a single regulatory unit. Most mammalian
genes are more complicated in that the coding regions
are interrupted by noncoding regions that are climi-
nated when the primary RNA transcript is processed
into mature messenger RNA (mRNA). The coding re-
gions (those regions that appear in the mature RNA
species) are called exons, and the noncoding regions,
which interpose or mtervene berween the exons, are
called introns (Figure 40-1). Introns are always re-
moved from precursor RNA before transport into the
cytoplasm occurs. The process by which introns are re-
moved from precursor RNA and by which exons are
ligated together is called RNA splicing, Incorrect pro-
cessing of the primary transcript into the mature
mBMNA can resule in discase in humans (sce below); this
underscores the importance of these posttranscriptional
processing steps. The variation in size and complexity
of some human genes is illustraced in Table 40-1. Al-
though there 15 a 300-fold difference in the sizes of the
genes illustraced, the mBNA sizes vary only about 20-
told. This is because most of the DNA in genes is pres-

ent as introns, and introns tend to be much larger than

exons, Regulatory regions for specific cukaryotic genes
are usually located in the IMNA that flanks the tran-
scription initation sice at its 5 end (3 flanking-
sequence DNA). Occasionally, such  sequences arc
found within the gene itself or in the region thar Aanks
the 3" end of the gene. In mammalian cells, cach gene
has its own regulatory region, Many eukaryotic genes
{and some viruses thar replicate in mammalian cells)
have special regions, called enhancers, that increase the
rate of transcription. Some genes also have DNA se-
quences, known as silencers, that repress eranscription.
Mammalian genes are obviously complicated, mulri-
COMPONENt STruciurcs.

Genes Are Transcribed Into RNA

Information generally flows from DNA to mRNA o
protein, as illustrated in Figure 40-1 and discussed in
more detail in Chaprer 39, This is a rigidly conrrolled
process involving a number of complex sweps, each of
which no doubt is regulated by one or more enzymes or
factors; faulty function at any of these steps can cause
disease.

RECOMBINANT DNA TECHNOLOGY
INVOLVES ISOLATION & MANIPULATION
OF DNA TO MAKE CHIMERIC MOLECULES

Lsolation and manipulation of DNA, including end-to-
end joining of sequences from very different sources to
make chimeric molecules (eg, molecules containing
both human and bacterial DNA sequences in a se-
quence-independent fashion), is the essence of recom-
binant DNA research. This involves several unique
techniques and reagents.

Restriction Enzymes Cut DNA
Chains at Specific Locations

Cerrain endonucleases—enzymes that cur DINA ar spe-
cific DNA sequences within the molecule (as opposed
to exonucleases, which digest from the ends of DNA
molecules)—are a key tool in recombinant DNA re-
search, These enzymes were called restriction enzymes
because their presence in a given bacterium restricred
the growth of certain bacterial viruses called bacterio-
phages. Restriction enzymes cur DNA of any source
into shore pieces in a sequence-specific manner—in
contrast to most other enzymaric, chemical, or physical
methods, which break DNA randomly, These defensive
enzymes (hundreds have been discovered) prorect the
host bacrerial DNA from DNA from foreign organisms
{primarily infective phages). However, they are present
only in cells that also have a companion enzyme which
methvlates the host DNA, rendering it an unsuitable
substrare for digestion by the restriction enzvme. Thus,
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Figure 40-1.

Organization of a eukaryotic transcription unit and the pathway of eukaryotic gene expres-

sion, Eukaryotic genes have structural and regulatory regions. The structural region consists of the coding
DNA and 5" and 3" noncoding DA sequences. The coding regions are divided into two parts: (1) exons, which
eventually are ligated together to become mature RNA, and (2} introns, which are processed out of the pri-
mary transcript. The structural region is bounded at its 5" end by the transcription initiation site and at its

3" end by the polyadenylate addition or termination site. The promaoter region, which contains specific DNA
sequences that interact with various protein factors to regulate transcription, is discussed in detail in Chap-
ters 37 and 39. The primary transcript has a special structure, a cap, at the 5 end and a stretch of As at the 37
end. This transcript is processed to remove the introns; and the mature mRMNA is then transported to the cyto-

plasm, where it is translated into protein.

site-specific DNA methylases and restriction enzymes
always cxist in pairs in a bacterium.

Restriction cnzymes are named after the bac-
terium from which they are isolated. For example,
FeoRT s from Excherichia cofi, and BamHT s from Bacil-
dres amyloliguefaciens (Table 40-2). The frsc three lerrers
in the restriction enzyme name consist of the frsc lecer
of the genus (E) and the first two letters of the species
(co). These may be followed by a strain designacion (R)
and a roman numeral (1) to indicate the order of discov-
ery (eg, EraRf, EcoRIf), Each cnzyme recognizes and
cleaves a specific double-stranded DINA sequence that is
47 bp long. These DNA cuts resule in blunt ends (eg,

Hpall or overlapping (sticky) ends (cg, BamHI) {Figure
4(-2), depending on the mechanism used by the en-
zyme, Sticky ends are particularly wscful in constructing
hybrid or chimeric DINA molecules (sce below). If the
four nucleotides are distributed randomly in a given
DNA molecule, one can calculate how frequently a
given enzyme will cut a length of DMNA, For cach posi-
tion in the DMNA molecule, there are four possibilities
(A, C, G, and T); thercfore, a restricion enzyme that
recognizes a 4-bp sequence cuts, on average, once overy
256 bp (4"), whereas another enzyme that recognizes a
G-bp sequence cuts once every 4096 bp (4°). A given
picce of DNA has a characrenistic linear array of sites for
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Table 40-1. Varlations in the size and complexity
of some human genes and mRNAs.

Table 40-2. Selected restriction endonucleases
and their sequence specificities.'

i mRNA

Gene Size | Number | Size

Gene 1] i of Introns | (kb)
ﬁ-Glubin 15 | 2 0.6
Insulin 17 | 2 0.4
-Adrenergic receptor 3 0 11
Alobumin 5 i 14 1
LDL receptor 45 1 17 55
Factor VIl 86 25 2.0
Thyroglobulin 00 36 a7

"The sizes are given In kilobases (kb). The sizes of the genes in
clude some proximal promoter and regulatory region sequences;
these are generally about the same size for all genes, Genes vary
in size from about 1500 base pairs (bp) to over 2 = 10° bp. There is
also great variation in the number of introns and exons. The
[l-adrenergic receptor gene is intronless, and the thyroglobulin
qene has 36 Introns, As noted by the smaller difference in mANA
sizes, introns comprise most of the gene sequence.

the various enzymes dictated by the linear sequence of
its bases; hence, a restriction map can be constructed.
When DNA is digested with a given enzyme, the ends
of all the fragments have the same DNA sequence. The
fragments produced can be isolated by electrophoresis
an agatose of polyacrylamide gels (see the discussion of
blot transfer, below); this is an essential step in cloning
and & major use of these enzymes,

A number of other enzymes that act on DMNA and
BNA are an important part of recombinant DNA tech-
nalogy. Many of these are referred 1o in this and subse-
quent chapters (Table 40-3).

Restriction Enzymes & DNA Ligase Are
Used to Prepare Chimeric DNA Molecules

Sticky-end ligation 15 technically easy, but some special
techniques are often required to overcome problems in-
herene in this approach, Sticky ends of a vector may re-
connect with themselves, with no net gain of DNA.
Sticky ends of fragments can also anneal, so that tandem
heterogencous mserts form. Also, sticky-end sites may
not be available or in a convenient position. To circum-
vent these problems, an enzgyme cthar generates blum
ends is used, and new ends are added using the cnzyme
terminal transferase, If poly d(G) is added to the 3 ends
of the vector and poly d(C) is added to the 3 ends of
the forcign DMA, the two molecules can only anncal w
each ather, thus circumventing the problems listed
above, This procedure is called homopolymer tailing,
Somenimes, synthetic blune-ended  duplex oligonu-
cleotide linkers with & convenient restriction enzyme se-

Sequence Recognized Bacterial
Endonuclease | Cleavage Sites Shown Soiirce
[
famt) GGATCC Bacillus amylo-
CCTAGG hguefaciens H
T
l
Baill AGATCT Bacillus glodbigii
TCTAGA
.T
1
EcoRi GAATTC Escherichia coli
CTTAAG RY13
T
1
Ecofil CoTGG Escherichia cali
GGACC R245
T
1
Hingi AAGCTT Hoemophilus
TICGT. influenzne A
S eyt e __1_________ cesEaplioesras Sonay g
Hhal GLGC Hoermophilug
CTG{G haemotyticus
e £ l._“ = - = =
Hpal GITAAL Haemophilus
CAA“ITG parainfluenzae
|
]
Mstl CCTHAGG Microcoleus
GGANTCC strain
T
izt - i - - - —cie
Pstl CTGCAG Brovidencia
t;-r.ﬂ{{?r C stuartii 164
4
Tagl TCGA Thermus
AGCT aguanicus YT
T

'A, adenine; C, cytnsing; G, guaning, T, thymina, Arrows show the site
of cleavage; depending on the site, sticky ends {BamHl] or blunt ends
{Hpai) rmay result. The length of the recognition sequence can be 4 bp
(Tagll, 5 bp (Ecofil}, & b (Ecofil, or 7 bp (M) or longer, By conven-
tion, these are written in the 5° or 3" direction for the upper strand of
each recognition sequence, and the lower strand is shown with the
oppasite {ie, 3" or 57 padarity. Mote that mast recognition sequences
are palindromes (ie, the sequence reads the same in opposite direc-
tions on the twa strands), A residue designated w means that any nu-
cleotide is permittad.
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A. Sticky or staggered ends

5'—GBATGG—3‘BHI—H —_G
LLLLLL === | .

y—cCCTAGG—F —CCTAG

B. Blunt ends

§ —GTTAAC—Yg —_GTT A
LI == 11+ |

F—CAATTG—§g —C A A T

guence are ligated w the blunt-ended DNA. Direct
bluntcnd ligation is accomplished using the enEyme
bacteriophage T4 DNA ligase. This rechnique, though
less efficient than sticky-end ligation, has the advantage
of joining wogether any pairs of ends, The disadvaneages
are that there 15 no control over the orientation of inser-
tion or the number of molecules annealed together. and
there is no easy way to retrieve the insere.

Cloning Amplifies DNA

A clone is a large population of identical molecules, bac-
teria, or cells that arise from a common ancestor, Molec-
ular cloning allows for the production of a large number
of id:ntic;{[ DN."L rnnh:r;ull::i, “.']'Lic]'l can then be charae-

I Figure 40-2. Results of restriction en-
donuclease digestion. Digestion with a re-

striction endonuclease can result in the for-

rmation of DMA fragments with sticky, or

k cohesive, ends (A) or blunt ends (B). This is

I an important consideration in devising

A cloning strategies.

terized or used for other purposes. This rechnique is
based on the fact thar chimeric or hybnd DNA molecules
can be constructed in doning vectors—rypically bacter-
1al plasmids, phages, or cosmids—which then connnue
to replicate in a host cell under their own control systems.
In this way, the chimeric DNA is amplified. The general
prnr_'::durl: 15 llustrared in Flgurs: 40-3.

Bacterial plasmids are small. circolar, duplex DNA
molecules whose natural function s 1o confer antbiotic
resistance to the host cell. Plasmids have several proper-
ties that mzl-.‘,l: th:m ::'xrn:ml:l}' useful as c|nning veCtors,
They exist as single or multiple copies within the bac-
terium and replicace independentdy from the bacterial
DNA. The complete DINA sequence of many plasmids is

Iv:nnw:n.: h::i‘u:l:, rhl: pn:ci.u: ]ncur'mn af rl"_'itrictiurl enzyme

Table 40-3. Some of the enzymes used in recombinant DNA research.'

Enzyme Reaction

e o

Alkaline phosphatase

.,

Dephosphorylates 5" ends of RNA and DNA, | | Removal of 5" PO, groups prios to kmas;- Iabellng ta prwenr

: Primary Use

L B .

: self-ligation.

BAL 31 nuclease

Degrades both the 3" and 5" ends of DNA.

E Progressive shortening of DMA molecules,

DMA ligase | Catalyzes bonds between DMA molecules. i Joining of DNA molecules.

DMA polymerase | i Synthesizes double-stranded DMA from i Synthesis of double-stranded cDMNA; nick translation; gener-
single-stranded DNA. ation of blunt ends from sticky ends.

Drasze | Under appropriate conditions, produces Mick translation; mapping of hypersensitive sites; mapping

| single-stranded nicks in DNA,

o e e

| Removes nucleotides from 3' ends of DNA.

0 0 B 000t i

Removes nucleotides fram 5" ends of DNA.

Exonuclease |l

L exonuclease

Polynucleotide kinase

Transfers terminal phosphate [y position)
fram ATP to 5-0H growps of DNA or RNA,

protein-DNA interactions,

DMA sequencing; mapping of DNA-protein interactions,

e e 0 B 0l 0

DMA sequencing.

P Jabeling of DNA or BNA.

Reverse transcriptase

51 nuclease

Terminal transferase

Synthesizes DNA from RNA template.

Degrades single-stranded DA

el 0

Adds nucleotides ta the 37 ends of DMA,

Synthesis of cOMA from mRMA; RNA (5" end) mapping
studies,

Removal of *hairpin” in synthesis of cONA: RNA mapping
studies (both 5° and 37 ends),

e

| Homepolymer talling,

"Adapted and reproduced, with permission, from Emery AEH: Page 41 In: An Introduction fo Recombinant DNA. Wiley, 1984,
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Y
y
EcoRl
restriction
endonudease
e
Hurman DNA
Circular plasmid DMA Linear plasmid DA
with sticky ands
e ——
EcoRl restriction
endenuciease
AATT
TTAA
Plece of human DMA cut with
same resfriction nuclease and
containing same sticky ends

Plasmid DNA mobecula with human DNA insarl
(recombinani DNA molecule)

Figure 40-3. Use of restriction nucleases to make new recombinant or chimeric DNA molecules. When in-
serted back into a bacterial cell (by the process called transformation), typically only a single plasmid is taken up
by & single cell, and the plasmid DNA replicates not anly itself but also the physically linked new DNA insert. Since
recombining the sticky ends, as indicated, regenerates the same DNA sequence recognized by the original restric-
tion enzyme, the cloned DMA insert can be cleanly cut back out of the recombinant plasmid circle with this en-
donuclease, If a mixture of all of the DNA pieces created by treatment of tatal human DMA with a single restriction
nuclease is used as the source of human DNA, a million or so different types of recombinant DNA molecules can
be obtained, each pure in its own bacterial clone. (Modified and reproduced, with permission, from Cohen 5M: The

rmanipulation of genes, 5o Am [uly] 1975;233:34)

cleavage sites for inserting the forcign DINA is available.
Plasmids are smaller than the host chromosome and are
therefore casily separated from the larrer, and the desired
plasmid-inserted DINA is readily removed by curring che
plasmid with the enzyme specific for che restricrion sire
into which the original piece of DINA was inserted.

Phages usually have lincar DNA molecules into
which foreign DNA can be inserted ar several restric-
tion enzyme sites. The chimeric DNA is collecred afrer
the phage proceeds through its lyric cycle and produces
mature, infective phage particles. A major advantage of
phage vecrors is that while plasmids accepr DNA pieces
abour 610 kb long, phages can accepr DNA fragmenrs
10-20 kb long, a limitation imposed by the amount of
DMNA that can be packed into the phage head.

Larger fragments of DNA can be cloned in cosmids,
which combine the best fearures of plasmids and
phages. Cosmids are plasmids thar contain the DMNA se-
quences, so-called cos sites, required for packaging
lambda DMNA inro the phage parricle. These vecrors
grow in the plasmid form in bacreria, bur since much of
the unnecessary lambda DMNA has been removed, more
chimeric DNA can be packaged inro the parricle head.
It is not unusual for cosmids ro carry inserts of chimeric
DMA thar are 35-50 kb long. Even larper pieces of
DMNA can be incorporated inco bacterial arrificial chro-
mosome (BAC), veast artificial chromosome (YAC), or
£ coli bacreriophage Pl-based (PAC) vectors. These
vecrors will accepr and propagare DNA inserts of sev-
cral hundred kilobases or more and have largely re-
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Table 40-4. Cloning capacities of commaon
cloning vectars,

Vector DNA Insert Size
Plasrnid pBR322 0.01-10 kb
Lambda charon 44 10-20 ki
Cosmids 35-50 kb
BAC, P1 50-250 kb
YAC S00-3000 ki

placed the plasmid, phage, and cosmid vectors for some
cloning and gene mapping applications. A comparison
of these vectors is shown in Table 40-4,

Because insertion of DNA inw a funciional region
of the vector will interfere with the action of this re-
gion, care must be taken not w interrupt an essential
function of the vector, This concept can be exploited,
however, to provide a selection technique. For example,
the common plasmid vecror pBR}EZCLas both tetracy-
cline (tet) and ampicillin (amp) resistance genes. A
single Pitf restriction enzyme site within the amp resis-
rance gene is commonly used as the insertion site for a
picce of foreign DNAL In addition to having sticky ends
{Table 40-2 and Figure 40-2), the DNA inserced at
this site disrupes the amp resistance gene and makes the
bacrerium carrying this plasmid amp-sensitve (Figure
40-4). Thus, the parenral plasmid, which provides re-
sistance to both andbiotics, can be readily separated
from the chimeric plasmid, which is resistant only w
retracycline. YACs contain replication and segregarion
functions thar work in boch bacreria and yeast cells and
therefore can be propagated in either organism.

In additon to the vectors described in Table 40-4
thar are designed primarily for propagarion in bacterial
cells, vecrors for mammalian cell propagarion and inser
gene (cDNA) protein expression have also been devel-
oped. These vectors are all based upon various eukary-
otic viruses thar are composed of RNA or DNA
genomes, Notable examples of such viral vecrors are
those utilizing adenoviral {DNA-based} and recroviral
(RMA-based) genomes. Though somewhar limited in
the size of DNA sequences that can be inserred, such
mammalian viral cloning vectors make up for chis
shortcoming because they will efficienty infect 2 wide
range of different cell gypes. For this reason, various
mammalian viral vectors are being investigated for use
in gene therapy experiments.

A Library Is a Collection
of Recombinant Clones
The combination of restriction [ukalil= and various

cloning vectors allows the entire genome of an organ-
15m to be pa{_'ic:d into a vecror. A collection of these dif-

ferent recombinant clones is called a library, A genomic
library is prepared from the total DINA of a cell line or
vissue, A ¢DNA library comprises complementary
DMNA copies of the population of mENAs in a tssue,
Genomic IYNA librares are often prepared by perform-
ing partial digestion of total DNA with a restriction en-
zyme that cuts DINA frequendy {eg, a four base cutter
such as Tagl). The idea is to generate rather large frag-
ments so that most genes will be left intact, The BAC,
YALC, and ' vectors are preferred since they can accepr
very large fragments of DMNA and thus offer a berter
chance of solating an intact gene on a single DNA
frﬁgmf.'nt.

A vector in which the protein coded by the gene in-
troduced by recombinane DNA technology is actually
synthesized 15 known as an expression vector. Such
vectors are now commonly used o detect specific
cDINA molecules in libraries and to produce proteins
by genetic engineering techniques. These vectors are
specially construceed 1o contain very active inducible
promoters, proper  in-phase  translation  initiation
codons, bath transcription and translation termination
signals, and appropriate protein processing signals, if
needed, Some expression vectors even contain genes
that cade for protease inhibitors, so that the final yield
of product 15 enhanced.

Probes Search Libraries for Specific
Genes or cDNA Molecules

A vanery of molecules can be used w “probe” libraries in
search of a specific gene or cDNA molecule or to define
and quantitate [YNA or RNA separated by clectrophore-
sis through various gels, Probes are generally pieces of
DNA or RNA labeled with a **P-concaining nu-
cleotide—or fluorescently labeled nudeotides {more
commanly now), Importantly, neither modification (2p
or fluorescent-label) affects the hybridization propertics
of the resulting labeled nucleic acid probes. The probe
must recognize a complementary sequence ta be effec-
tive. A cDINA synthesized from a specific mENA can be
used to screen either a cDNA library for a longer cDINA
or a genomic library for 2 complementary sequence in
the coding region of a gene, A popular technique for
finding specific genes entails mking a short amino acid
sequence and, employing the codon usage for thae
species (see Chapter 38), making an oligonucleatide
probe that will detect the corresponding DNA fragment
in a genomic library, IF the sequences march exactly,
probes 15-200 nucleotdes long will hybridize, cDINA
probes are used to detect DNA Fragments on Southern
Blot transfers and to detect and quantitate RNA on
Morthern blot transfers, Specific antibodies can also be
used as probes provided thar the vecror used synthesizes
procein molecules chat are recognized by them,
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Figure 40-4. A method of screening recombinants for inserted DNA fragments, Using the plasmid pBR322, a
piece of DMA is inserted into the unigue Pstf site. This insertion disrupts the gene coding for a protein that pro-
vides ampicillin resistance to the host bacterium. Hence, the chimeric plasmid will no longer survive when plated
on a substrate meadium that contains this antibiatic. The differential sensitivity to tetracycline and ampicillin can
therefore be used to distinguish clones of plasmid that contain an insert. A similar scheme relying upon produc-
tion of an in-frame fusion of a newly inserted DNA producing a peptide fragment capable of complementing an
inactive, deleted form of the enzyme [f-galactosidase allows for blue-white colony fermation an agar plates con-
taining a dye hydrolyzable by fi-galactoside, i-Galactosidase-positive colonies are blue.

Blotting & Hybridization Techniques Allow
Visualization of Specific Fragments

Visualization of a specific DNA or RNA fragment
among the many thousands of “conaminating” mole-
cules requires the convergenee of a number of tech-
miques, collectively termed blot transfer, Figure 40-5
illustrates the Southern (DMNA), Northern (RMNA), and
Western (procein) blor cransfer procedures, (The first is
named for the person who devised the technigue, and
the ather names began as laboracory jargon but are now
accepted terms,} These procedures are wseful in derer-
mining how many copies of a gene are in a given tissue
or whether there are any gross alwerations in a gene
{deletions, inscrtions. or rearrangements), Occasionally,
if a specific base is changed and a restriction site 15 al-
tered, these procedures can detect 2 point mutation.
The Narthern and Western blot transfer techniques are
used to size and quantitate specific RNA and protein
molecules, respectively, A fourth hybridization tech-
nique, the Southwestern blot, examines proweintDMNA
interactions, Proveins are separated by electrophoresis,

renarured, and analyzed for an interacrion by hybridiza-
tien with a specific labeled DNA probe.

Colony or plaque hybridization is the method by
which specific clones are identified and purified. Bacte-
ria are grown on colonies on an agar plate and overlaid
with nitrecellulose filter paper. Cells from each colony
stick 1o che fileer and are permanentdy fixed therero by
heat, which with NaOH treaoment also lyses the cells
and denarures the DNA so thar ic will hybridize with
the probe. A radicactive probe is added to the filcer,
and (afrer washing) the hybrid complex is localized by
exposing the filter 1o x-ray film, By marching the spar
on the autoradiograph to a colony, the larer can be
picked from the p%a:e A similar strategy is used o iden-
tify fragments in phage libraries. Successive rounds of
this procedure result in a clonal isolare (bacterial
colony) or individual phage plaque.

All of the hybridization procedures discussed in this
section depend on the specific base-pairing properties
of cormplementary nucleic acid strands described above.
Perfect marches hybridize readily and withstand high
temperatures in the hybridizadon and washing reac-
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Figure 40-5. The blot transfer procedure. In a
southern, or DA, blot transfer, DMA isolated from a
cell line or tissue is digested with one or more restric-
tion enzymes, This mixtura is pipettad into a well in an
agarose of polyacrylamide gel and exposed to a direct
electrical current. DNA, being negatively charged, mi-
grates toward the anode; the smaller fragments move
the most rapidly. After a suitable time, the DMA is dena-
tured by exposure to mild alkali and transferred to ni-
trocellulose or nylon paper, in an exact replica of the
pattern on the gel, by the blotting technigue devised
by Southern. The DNA is bound to the paper by expo-
sura to heat, and the paper is then exposed to the
labeled cDMA probe, which hybridizes to complemen:
tary fragments on the filter. After thorough washing,
the paper is exposed to x-ray film, which is developed
to reveal several specific bands corresponding to the
DMA fragment that recognized the sequences in the
cDNA probe. The RMA, ar Northern, blat is conceptually
similar. RNA is subjected to electrophoresis before blot
transfer. This requires some different steps from those
of DNA transfer, primarily to ensure that the RNA re-
mains intact, and is generally sormewhat more difficult.
In the protein, or Western, blot, proteins are elec-
trophoresed and transferred to nitrocellulose and then
probed with a specific antibody or other probe mole-
cule. (Asterisks signify labeling, either radioactive or
fluorescent.)

tions, Specific complexes also form in the presence of
Iﬂw 13“’ I:I:J'I'il:l'nt]'-'lri:ﬂﬂ}i, I.d,'.qﬁ t]'l.:]'l'l. Pl:r]'-r_'l:t I'ﬂ:ln:hf.li dﬂ
not tolerate these stringent conditions (ic, clevated
cemperatures and low salt concentrations); thus, hy-
bridization either never occurs or is disrupted during
the washing step. Gene families, in which there is some
degree of homology, can be detected by varying the
stringency of the hybridimtinn and washing steps,
Cross- -species comparisons of a given gene can also be
rrl.:ld.r_' uﬁl ng "I'l[q ﬂ.FlFmﬂfh H}’hrl.dlr..'l.tlnrl Ennd] EIEIns Ca-
pable of detecting just a single base pair mismarch be-
rween probe and rarger have been devised.

Manual & Automatic Techniques
Are Available to Determine
the Sequence of DNA

The segments of sp:clﬂu DNA molecules obtained by
recombinant DNA t::thhu]ng:.- can be analyzed o de-
termine their nucleotde sequence. This method de-
pends upon ]'L;nring a large number of identical DMNA
molecules. This requirement can be satisfied by cloning
the fm.gp'm:nt {:Finttt:st, uﬂng the t::c]'m'lqu:s drsr.'ril'.l::d
above, The manual enzymatic method (Sanger) em-
ploys specific dideoxynucleotides thar terminare DNA
strand synthesis at specific nucleotides as the strand s
wnth:iln:l] on Elunf'n:'d t'l.‘miJ]'ltt' nucleic acid. The reac-
tions are adjusted so that a pupuhtmn of DNA h'.l.g-
Ments representing termination ar every nucleotide is
obtained. By hax‘ing a radioactive label 'mr.'urp::—rut:d at
the end n]thmit:: the termination site, one can stpamh:
the fragments according to size using polvacrylamide
gel elecorophoresis, An auroradiograph is made, and
each of the fragments produces an image (band) on an
xX-ray film. These are read in order ta glﬂ.‘ the DINA se-
quence (Figure d4{—6). Another manual method, thar of
Maxam and Gilbert, tmp|n:|.r.'u chemical methods w
cleave the DNA maolecules where rh:y contain the spe-
cific h.ucll:utid::s. Tr:r_']'l.nlqu:s that do not nﬂ:lu'lrr the
use of tadioisotopes are commonly employed in auto-
mated DNA sequencing. Most commonly employed is
an automated procedure in which four different fluo-
rescent labels—one r:pr:nchting each nucleotide—are
used, Fach emits a specific signal upon excitation by a
laser beam, and this can be recorded by a Computer,

Oligonucleotide Synthesis Is Now Routine

The awtomated chemical synthesis of moderately long
oligonucleotides (about 100 nucleotides) of precise se-
quence is now a routine laboratory procedure, Each
synthetic cycle takes but a few minuees, so an entire
molecule can be made by synthesizing relatively shor
segments that can then be ligated to one another,
Oligonucleondes are now indispensable for DNA se-
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Figure 40-6.
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Segquencing of DMNA by the methoed devised by Sanger, The ladder-like arrays represent fram bot-

tom to top all of the successively longer fragments of the original DNA strand. Knowing which specific dideoxynu-
cleotide reaction was conducted to produce each mixture of fragments, one can determine the sequence of nu-
cleatides from the labeled end (asterisk) toward the unlabeled and by reading up the geal. Automated sequencing
involves the reading of chemically modified deoxynucleotides. The base-pairing rules of Watson and Crick (A=T,
G-C) dictate the sequence of the other {complementary) strand. (Asterisks signify radiolabeling.)

quencing, library screening, prorein-DNA  binding,
DNA mobility shift assays, the polymerase chain reac-
tion {see below), site-directed mutagenesis, and numer-
ous other applications.

The Polymerase Chain Reaction
(PCR) Amplifies DNA Sequences

The polymerase chain reaction (PCR) is a method of
amplifying a rargee sequence of DNA. PCR. provides a
sensitive, selective, and extremely rapid means of ampli-
tying a desired sequence of DNA. Specificity is based
on the use of two oligonucleoride primers thar hy-
bridize to complementary sequences on  opposite
strands of DNA and flank the rarger sequence (Figure
40-7). The DNA sample is first heared o separare the
two strands; the primers are allowed to bind to the
DMNA; and each scrand is copied by a DNA polymerase,
starting at the primer site. The two DNA strands each
serve as a template for the synthesis of new DNA from
the two primers. Repeated cyeles of hear denaruration,
annealing of the primers to their complemeneary se-

quences, and extension of the annealed primers with
DNA polymerase result in the exponential amplifica-
tion of DNA segments of defined length. Early PCR re-
actions used an £ colf DNA polymerase that was de-
stroved by each hear denaruration cycle. Substitution of
a hear-stable DNA polymerase from Thermus aguaticns
{or the corresponding DNA polymerase from other
thermophilic bacteria), an organism thar lives and repli-
cates at 70-80 °C, obviates [ﬁ:' problem and has made
possible auromation of the reaction, since the polym-
erase reactions can be run ar 70 *C. This has a];cc!n im-
proved the specificity and the yield of DNA

DINA sequences as shorr as 50-100 bp and as long
as 10 kb can be amplified. Twenry cycles provide an
amplification of 10" and 30 cycles of 10°, The PCR al-
lows the DNA in a single cell, hair follicle, or spermara-
zoon to be amplified and analyzed. Thus, the applica-
tions of PCR o forensic medicine are obvious. The
PCR is also used (1) to detect infectious agents, espe-
cially larent viruses; (2) ro make prenaral generic diag-
noses; (3) o detect allelic polvmorphisms; (4) o estab-
lish precise tissue rypes for transplants; and (5) to study
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evolution, using DMNA from archeological samples after
RMNA copying and mRNA quantitation by the so-called
RT-PCR method (cDDNA copies of mRNA generated
by a retroviral reverse wranscripease), There are an equal
number of app|icatiun5 af PCR w pmhir.'ms in basic
science, and new uses are developed every year,

PRACTICAL APPLICATIONS
OF RECOMEBINANT DNA TECHNOLOGY
ARE NUMEROUS

The isolation of a specific gene from an entire genome
requires a technique thar will discriminate one parr in a
million. The identificarion of a regulatory region thar
may be only 10 bp in length requires a sensitivity of
one part in 3 % 10% a disease such as sickle cell anemia
is caused by a single base change, or one part in 3 x 10,
Recombinant DINA rechnology is powerful enough o
accomplish all these chings.

Gene Mapping Localizes Specific
Genes to Distinct Chromosomes

Gene localizing thus can define a map of the human
genome. This is already yiclding useful information in
the definition of human disease. Somatic cell hybridiza-
rion and in situ hybridization are owo rechnigues used
to accomplish this. In in sitn hybridization, the sim-
pler and more direct procedure, a radicactive probe is
added to a metaphase spread of chromosomes on a glass
slide. The exact area of hybridization is localized by lay-
ering photographic emulsion over the shde and, after
exposure, lining up the grains with some histologic
i:||:n:i:ﬂ:|:atinn nrthl: :hm MOSHNC, Flunrﬂc:m:: in situ
hybridization (FISH) is a very sensicive technigue that
15 also used for this purpose, This often places the gene
at a location on a given band or region on the chromo-
some, Some of the human genes localized using these
techniques are listed in Table 40-5, This mble repre-
sents only a sampling, since thousands of genes have
been mapped as a result of the recent sequencing of the

Figure 40-7. The polymerase chain reaction s used to
amplify specific gene sequences. Double-stranded DA is
heated to separate it into individual strands. These bind two
distinct primers that are directed at specific sequences on
opposite strands and that define the segment to be ampli-
fied. DNA polymerase extends the primers in each direction
and synthesizes two strands complementary to the original
two. This cycle is repeated several times, giving an amplified
product of defined length and sequence. Mote that the two
primers are present in excess.
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Table 40-5. Localization of human genes.'

Genp Chromosome Disease
Insulin 11pl5
Prolactin i Gpliqil
Growth hormaone 1 17g21-gter Growth hormone deficiency
we-Globin i 16p12-pter | o-Thalassemia
p-Globin ilip1z -Thalassemia, sickle cell
Adenosine deaminase 1 20013-qgter Adenosine deaminase deficiency
Phenylalanine hydroxylase | 12q24 Phenylketonuria
Hypoxanthine-guanina i Ke26-q27 Lasch-Myhan syndromea

phosphoribosyltransferase |

DMA segment G i 4p Huntington's chorea

"This table indicates the chromosomal location of several genes and the diseases asso-
clated with deficlent or abnormal production of the gene products. The chromosome
invalved is indicated by the first number or letter. The other numbers and letters refer
to precise localizations, as defined n McKusick VA: Mendelian nhertance m Man, &th

ed. lohn Hopkins Unly Press, 1983,

human genome. Onee the defeet is localized 1o a region
of DNA that has the characteristic structure of a gene
{Figure 401}, a synthetic gene can be constructed and
expressed in an appropriste vecror and s function can
be assessed—or the putative pepride, deduced from the
open reading frame in the coding region, can be synthe-
sized. Antibodies directed against this pepride can be
used to assess whether this pepride is expressed in nor-
mal persons and whether it is absent in those with the
genetic syndrome.

Proteins Can Be Produced
for Research & Diagnosis

A practical goal of recombinant DINA rescarch s the
production of materials for biomedical applications.
This technalogy has two distinet merits: (1) Tt can sup-
ply large amounts of material that could not be ob-
tained by conventional purification methods (cg, inter-
feron, tissue plasminogen activating factor), (2) It can
provide human material {eg. insulin, growth hormone).
The advantages in both cases are obvious. Although the
primary aim is to supply products—generally pro-
teins—hor treatment (insulin) and dingnmis (AIDS
testing) of human and other animal diseases and for
disease prevention (hepatitis B vaccine), there are other
potential commercial applications, especially in agricul-
ture. An example of the latter is the attempt to engineer
plants that are more resistant to drought or cemperature
extremes, more efficient at fixing nitrogen, or that pro-
duce sceds containing the complete complement of es-
sential amino acids {rice, wheat, corn, etc).

Recombinant DNA Technology Is Used
in the Molecular Analysis of Disease

A. NormaL Gene VARIATIONS

Thete is a normal variation of DNA sequence just as is
true of more obvious aspects of human structure. Varia-
tions of DNA sequence, polymorphisms, cccur ap-
prux:m.{u[}r once in every 500 nucleotides, or about
107 times per genome, There are withour doubn dele-
tions and insertions of DNA as well as single-base sub-
stitutions, In healthy people, these alterations obwiously
occur in noncoding regions of DNA or ar sites that
cause no change in funcrion of the encoded procein.
This heritable polymarphism of DNA structure can be
m[]ciﬂtﬂl’j \'I'i'l.l'l. I'_'L'na.i.r.l diwl‘il’.'ﬁ WII.I'I.'I:I'I. i [.l:l‘gt.' liil'lfj:l'ﬂrj
and can be used o search for the .'iEJL'vL'IIﬁL' gene invalved,
as is illustrated below. It can also be used in a variety of
applications in forensic medicine,

B. Gene Variamions CausinG DISEASE

Classic grn:ticu tuughr rhar mast Ecncr'lc di.:::lsc.: were
due o point mutations which resulted in an impaired
pratein. This may still be true, but if on reading the
initial sections of this chapter one predicted thar ge-
netic disease could result from derangement of any of
the steps llustrated in Figure 40-1, one would have
made a proper assessment. This point is nicely illus-
trated by examination of the ﬂ-glnhi:n gene. This gene
is located in a cluster on chromosome 11 (Figure
40-8), and an expanded version of the gene is illus-
trated in Figure 409, Defective production of ﬁ—gh’a-
bin results in a variery of diseases and 15 due to many
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Schematic representation of the f-globin gene cluster and of the lesions in some ge-

Figure 40-8.

Hemoglobinopathy

[P Thalassemia
[i"-Thalassemia

Hemoglobin Lepore

(AyBR)"- Thalassemia

netic disorders, The [F-globin gene is located on chromasome 11 In close association with the twe y-gla-
bin genes and the §-globin gene. The i-gene family is arranged in the order 5°-g-Gy-Apyp-8-B-3°, The

£ locus is expressed in early embryonic life {as a,£;). The ygenes are expressed in fetal life, making fetal
hemaoglobin (HBF, ;). Adult hemoglobin consists of Hb (o, [3,) or HbAlo,8,). The i is a pseudo-
gene that has sequence homaology with i but contains mutations that prevent its expression. A locus
control region (LCR) located upstream {5°) from the £ gene controls the rate of transcription of the en-
tire f-globin gene cluster, Deletions (solid bar) of the [} locus causa [-thalassemia (deficiency or ab-
sence "] of f-globin), & deletion of & and [§ causes hemoglobin Lepore {only hemoglobin o is present),
Aninversion (AyBP)” in this region (colored bar) disrupts gene function and also results in thalassemia
itype ). Each type of thalassemia tends to be found In a certain group of peaple, eg, the (Ayi[)° dele-
tion inversion ocours in persons from India. Many more deletions in this region have been mapped, and

each causes some type of thalassemia.

different lesions in and around the [-globin gene

(Table 40-0).

C. PoinT MutaTions

The classic example is sickle cell disease, which is
caused by muration of a single base our of the 3 x 10/
in the genome, a T-to-A DNA substitution, which in

000 O
L

turn results in an A-to-U change in the mBNA corre-
sponding to the sixth codon of the f-globin gene, The
altered codon specifies a different amino acid (valine
rather than glutamic acid}, and this causes a structural
abnormality of the B-globin molecule. Orther poine mu-
tations in and around the P-globin gene result in de-
creased production or, in some instances, no produc-

e
o

[ ]

!
®® 0] Ll

FAVANNVANFAY

O

Figure 40-%. Mutations in the f-globin gene causing [i-thalassemia. The [i-globin gene is shown in the 5'
to 3" orientation. The cross-hatched areas indicate the 5" and 3° nontranslated regions, Reading from the 5" to
3" direction, the shaded areas are exons 1-3 and the clear spaces are introns 1 {1} and 2 (1.). Mutations that af-
fect transcription control (#) are located in the 5' flanking-region DMNA. Examples of nonsense mutations (4),
mutations in RMA pracessing (<), and RNA cleavage mutations (=) have been identified and are indicated. In
some regions, many mutations have been found. These are indicated by the brackets.
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Table 40-6. Structural alterations of the f-globin
gene,
Alteration Function Affected Diseasa
Point mutations ; Protein folding Sickle cell disease
Transcriptional centrol | f-Thalassemia
Frameshift and non- | f-Thalassemia
Sense mutations
RMA processing PThalassemia
Deletion mRNA production [*-Thalassemia
Hemoglabin
Lepare
Rearrangement | mRNA production | B-Thalassemia
| typelll

tion of f-globin; P-thalassemia is the result of these
mutations. (The thalassemias are characrerized by de-
fects in the synthesis of hemoglobin subunits, and so
B-thalassemia results when there is insufficient produc-
ton of [S—Ehahm] FIEIJ]‘C 409 illustrates that ]::u:lm
mutations .!Hccrlng each of the many processes in-
volved in generating a normal mRMNA {and therefore a
narmal protein} have been implicated a5 & cause of
ﬁ-rh:l];l_ﬁﬁcmin.

D. DeLeTiONS, INSERTIONS, &
REarRRANGEMENTS OF DNA

Studies of bacteria, viruses, veasts, and fruit fies show
that pieces of DNA can move [rom one place to an-
other within a genome. The deletion of a eritical piece
of DNA, the rearrangement of DNA within a gene, or
the insertion of a piece of DNA within a coding or reg-
ulatory region can all cause changes in gene expression
resulting in disease. Again, a molecular analysis of
B-thalassemia produces numerous examples of these
processes—particularly deletions—as causes of disease
{Figure 40-8). The globin gene clusters seem particu-
lacly prone 1w this ﬁsiun. Deletions in the ot-globin
cluster, located on chromosome 16, cause o-thal-
assemia. There is a strong ethnie association for many
of these deletions, so that northern Europeans, Fil-
ipinos, blacks, and Mediterranean peoples have differ-
ent lesions all resulting in the absence of hemoglobin A
and o-thalassemia.

A similar analysis could be made for a number of
other diseases, Point mutadons are usually defined by
sequencing the gene in question, though accasionally, if
the mutation destroys or creates a1 restriction enzyme
site, the u:;]muque of restriction fragment ana!}raus can
be used o pinpoint the lesion. Deletions or insertions
of DNA larger than 50 bp can aften be detected by the
Southern blowing procedure.

E. PEDIGREE ANALYSIS

Sickle cell disease again provides an excellent example
of how recombinant DNA technology can be applied
to the study of human disease. The substitution of T
for A in the remplate strand of DNA in the f-globin
gene changes the sequence in the region thar corre-
sponds to the sixth codon from

&

CCTGAGG Coding strand

GGAC@C% Template strand
10

CCTGTGG Coding strand

GGACEICC Template strand

and destroys a recognition site for the restriction en-
zyme Ml ] {CCTNAGG; denoted by the small verrical
arrows; Table 40-2), Other Msl] sites 5" and 3" from
this site (Figure 40-10} arc not affected and so will be
cut. Therefore, incubation of DNA from normal (AA),
hererozygous (AS), and homozygous (55) individuals
results in three different patcerns on Southern blot
transfer (Figure 40-10). This illustraces how a DNA
pedigree can be established using the principles dis-
cussed in this chaprer. Pedigree analysis has been ap-
plied to a number of genetic diseases and 1s most uscful
in those caused by deletions and insertions or the rarer
instances in which a restricnion endonuclease cleavage
site is affecred, as in the example cited in chis para-
graph. The analysis is facilitaced by the PCR reaction,
which can provide sufficient DNA for analysis from
just a few nucleated red blood cells.

F. Prenatal Diagnosis

If the genetic lesion is understood and a specific probe
is available, prenaral diagnosis is possible. DNA from
cells collecred from as licde as 10 mL of amniotic Auid
{or by chorionic villus biopsy) can be analyzed by
Southern blot transfer. A ferus with the rescriction pat-
tern AA in Figure 40-10 does not have sickle cell dis-
ease, nor is it a carrier. A ferus with the 55 pattern will
develnp the disease. Probes are now available for this
type of analysis of many genetic diseases.

G. RESTRICTION FRAGMENT LENGTH
PoLymorpHisMm (RFLP)

The diﬁt‘lthtt\i in DN}’L :i::qurt:n: ci.ll:d above can re-
sult in variations of restriction sites and thus in the
length of restriction Fr;tgml:nl:s An inhented difference
in the pattern af restriction [eg, a DINA variation occur-
rlng in more than 1% of the gl:m:'r.ﬂ pupul.mun:l I3
known as a restriction fragment length polymorphism,
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A, Mstll restriction sites around and in the [-globin gene

Maormal {4) 5

i 1.15 kb

Sicke {3} L]

i 1.35 kb

B. Pedigree analysis

[ D

Fragrment
sizg

— | E— I | e — 1.15 kb

AS AS 55 ah A5 AS Phenotype

Figure 40-10. Pedigree analysis of sickle cell disease. The top part of the fig-
ure (A) shows the first part of the -globin gene and the Mstll restriction en-
zyme sites in the normal (A} and sickle cell (S) [f-globin genes. Digestion with
the restriction enzyme Mstill results in DNA fragments 1.15 kb and 0.2 kb long in
narmal individuals. The T-te-A change in individuals with sickle cell disease
abolishes one of the three Mstil sites around the [§-globin gene; hence, a single
restriction fragment 1.35 kb in length is generated in response to Mstil. This size
difference is easlly detected on a Southern blot, (The 0.2-kb fragment would
run off the gel in this illustration.) (B) Pedigree analysis shows three possibili-
ties: A& = narmal (open circle); AS = heterozygous (half-salid circles, half-solid
square); 55 = homozygous (solid square), This approach allows for prenatal di-
agnosis of sickle cell disease (dash-sided square).
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ar RFLE. An extensive RFLP map of the human
genome has been constructed. This is proving uscful in
the human genome sequencing project and is an impor-
tant component of the effort to understand various sin-
gle-gene and multgenic diseases, RFLPs result from
single-base changes (eg, sickle cell disease) or from dele-
tions or insertions of DNA into a restriction fragment
{eg, the thalassemias) and have proved o be useful di-
agnostic tools. They have been found at known gene
loci and in sequences that have no known function;
thus, RFLPs may disrupt the function of the gene or
may have no biologic consequences,

RFLPs arc inherited, and they scgregate in a
mendelian fashion, A major use of RFLPs (thousands
are now known) 15 in the definiton of inherited dis-
cases in which the functional deficir is unknown.
RFLPs can be used to establish linkage groups. which
in wrn, by the process of chromosome walking, will
eventually define the disease locus. In chromosome
walking (Figure 40-11), a fragment representing one
end of a long picce of DNA is used to isolate another
that overlaps but extends the first, The direction of ex-
tension is determined by restricion mapping, and the
procedure s repeated sequentially unel the desired se-
quence is obtained. The X chromosome-linked disor-
‘.{En are P:rri.l'_l.l.lﬂfl"r' .'I.I'.I'I.r_':l'l.;:ll'lll: o tl'liq EFFrﬂu‘:.h. '-Ilnl:l:
only a single allele is expressed. Hence, 20% of the de-
fined BFLPs are on the X chromosome, and a reason-
ably complete linkage map of this chromasome exists.
The gene for the X-linked disorder, Duchenne-type
muscular dystrophy, was found using RFLPs. Likewise,
the defect in Huntington's disease was localized to the
terminal rr_'g'mn of the shart arm of chromosome 4, and
t]1|: d.l:ﬁ:l:t t]'mt CAUSes Pn]yn_—y:itic I'C'itl!'l.l:]." d'ni:a.w is |ir|]u:{|
ta the t-globin locus on chromosome 16

H. MicrosaTeLLITE DNA PoLyMORPHISMS

Short (2-6 bp), inherited, tandem repear units of DNA
occur abour 50,000-100,000 times in the human
genome (Chapter 36). Because they occur more fre-
quently—and in view of the rourine application of sen-
sitive PCR. methods—ithey are replacing RFLPs as the
marker loci for various genome searches,

I. RFLPs & VNTRs in Forensic MEDICINE
Variable numbers of andemly repeated (VINTR) unirs

are one common type of “lnsertion” that results in an
RFLP. The VNTRs can be inherited, in which case
they are useful in establishing genetie association with a
disease in a family or kindred; or they can be unique o
an individual and thus serve as a molecular fingerprine
of thar person.

J. GENE THERAPY

Discases caused by deficiency of a gene product (Table
40-3) arc amenable to replacement therapy, The strat-
egy is ta cone a gene (eg, the gene that codes for
adenasine deaminase) into a vector that will readily be
taken up and incorporated into the genome of a host
cell. Bone marrow precursor cells are being investigared
the marrow and replicate there, The introduced gene
would begin wo direct the expression of its protein prod-
uct, and this would correct the deficiency in the host
cell.

K. TRANSGENIC ANIMALS

The somatic cell gene replacement described above
would obviously not be passed on to offspring. Other
strategies o alver germ cell lines have been devised bur
have been tested only in experimental animals. A certain

Infact DNA §' { Gene X —2>=
Fragmanis |
2
3
B
Initial .
probe

Figure 40-11.

The technigque of chromosome walking, Gene ¥ is to be isolated fram a large piece

of DNA. The exact location of this gene is not known, but a probe [(*——] directed against a frag-

ment of DMA (shown at the 3° end in this representation) is available, as is a library containing a se-
ries of overlapping DNA fragments. For the sake of simplicity, only five of these are shown. The initial
probe will hybridize only with clones containing fragment 1, which can then be isolated and used as
a probe to detect fragment 2. This procedure is repeated until fragment 4 hybridizes with fragment
5, which contains the entire sequence of gene X,
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percentage of genes injected into a fertilized mouse ovum
will be incorporated into the genome and found in both
somatic and germ cells. Hundreds of transgenic animals
have been established, and these are useful for analysis of
tissue-specific effecss on gene expression and effects of
overproduction of gene products (cg, those from the
growth hormone gene or oncogenes) and in discovering
genes involved in development—a process chat hercto-
fore has been difficult to study. The transgenic appma::h
has recently been used to correct a g,tm:n-: dcﬁﬂcnc}r in
mice, Fertilized ova obrained from mice with genetic hy-
pogonadism were injected with DNA containing the
coding sequence for the gonadotropin-releasing hormone
{GnRH) precursor protein. This gene was expressed and
regulated normally mn the hypothalamus of a certain
number of the resultant mice, and these animals were in
all respects normal, Ther offspring also showed no evi-
dence of GnRH deficiency. This is, therefore, evidence
of somatic cell expression of the transgene and of ies
maintenance in germ cells,

Targeted Gene Disruption or Knockout

In transgenic animals, one is adding one or more copies
of a gene to the genome, and there 15 no way to control
where that gene eventually resides, A complementary—
and much more difficult—approach involves the selec-
tive removal of a gene from the genome. Gene knock-
out animals (usually mice) are made by creating a
mutition t]'mt tqtz[l}r di_ﬁru.l'lrs the Functinn nF a gene,
Thas is then used to replace one of the two genes inoan
ermbryonic stem cell thar can be used o create a het-
erozygous transgenic animal, The mating of two such
animals will, by mendelian genetics, result in a ho-
mozygous mutation in 23% of offspring. Several hun-
dred serains of mice with knockouts of specific genes
have been developed,

RNA Transcript & Protein Profiling

The “-omic” revolution of the last several vears has cul-
minated in the determination of the nudeotide se-
guences of entire genomes, including those of budding
and fission yeasts, various bacteria, the fruic fly, the worm
{Caenarhabditss elegans, the mouse and, most notably, hu-
mans, Additional genomes are being sequenced ar an ac-
celerating pace. The availabilicy of all of this TMNA se-
quence information, coupled with engineering advances,
has lead to the development of several revolutionary
methodologies, most of which are based upon high-den-
sity microarray technology. We now have the ability o
deposit thousands of specific, known, definable DNA se-
quences (more typically now synthetic oligonucleatides)

on a glass microscope-style slide in the space of a few

square centimeters. By coupling such DNA microarsays
with highly sensitive detection of hybridized fluores-
cently labeled nucleic acid probes derived from mBRNA,
investigators can rapidly and accurately penerate profiles
of gene expression (eg, specific cellular mBENA content)
from cell and tissue samples as small as 1 gram or less,
Thus entire transcriptome information (the entre col-
lection of cellular mEMNAs) for such eell or tssue sources
can readily be obtained in only a few days. Transcrip-
tome information allows one to predict the collection of
proteins that might be expressed in a particular cell, ds-
sue, or argan in normal and disease states based upon the
mBENAs present in those cells, Complementing this high-
throughput, transcripe-profiling methed is the recent de-
velopment of high-sensitivity,  high-throughput  mass
spectrometry of complex protein samples. Mewer mass
spectrometry methads allow one to identify hundreds w
thousands of proteins in proteins extracted from very
small numbers of cells (< 1 g). Thas critical information
vells :'nvcsrig'.aturs which of t]'l-: many mENAs detected in
transcript mmro.m*av mapping stuics are actually trans-
lated into protein, gcncrn”} the ultimate dictator of p]‘Lc-
noype, Microarray techniques and mass spectrometric
protein identfication experiments both lead o the gen-
eration of huge amounts of data, Appropriate data man-
agement and interpretation of the deluge of information
torthcoming from such studies has relied upon statstical
methods; and this new echnology, coupled with the
flood of DNA sequence information, has led to the de-
velopment of the ficld of bisinformatics, a new disci-
pline whose goal is to help manage, analyze, and inte-
grate this flood of biologically important information,
Future work at the intersection of bioinformatics and
transcript-protein profling will revolutionize our under-
standing of biology and medicine,

SUMMARY

* A variery of very sensitive techniques can now be ap-
plied to the isolation and characterization of genes
and o the quantitation of gene products.

= In DNA cloning, a particular scgment of DNA is re-
moved from s normal environment using one of
many restricion endonucleases, This is then ligated
into onc of scveral vectors in which the DNA scg-
ment can be amplified and produced in abundance.

= The cloned [MNA can be used as a probe in one of
several types of hybridization reactions o detect
other related or adjacent pieces of DNA, or it can be
used to quantitate gene products such as mRNA.

+ Manipulation of the DNA to change its structure, so-
called generic engineering, is a key element in cloning
{eg, the construction of chimeric molecules) and can
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also be used to study the function of a certain frag-
mient nl'- l)H-‘ﬁL :I'l'l.d (13] :ln:llj.'?.ﬂ ]'I.[ﬂ'u" g‘,‘nﬂs arc rl’.‘Eu]ﬂtﬁ‘[.
Chimeric DINA malecules are introduced inro cells
o make rransfecred cells or into the ferrilized oocyre
to make rransgenic animals,

Technigues involving cloned DINA are used o locate
genes o specific regions of chromosomes, w identify
the genes responsible for discascs, to study how faulty
gene regulation causes discase, to diagnose genetic
diseases, and increasingly to wear genetic diseases.

GLOSSARY

ARS: Autonomously replicating sequence; the on-
gin of replication in yeast,

ﬂqmmdingraph}r: The detection of radioactve
maolecules (eg, DNA, RMNA, protein) by visualiza-
tion of their effects on photographic flm,

Bacteriophage: A virus that infects a bacterium,

B]unl'.—-r.ndnd DNH.: Two stram{:i nf A [3“;‘\ tlup]n
having ends that are Aush with cach other,

cDNA: A single-stranded DNA molecule that is
complementary to an mBENA molecule and is syn-
thesized from it by the action of reverse transcrip-
fase.

Chimeric molecule: A molecule (e, DNA, RNA,
protein) containing sequences derived from two
different spr;r_'ir:s,

Clone: A large number of organisms, cells or mole-
cules that are identical with a single parental or-
gani;m cell or molecule,

Cosmid: A plasmid into which the DNA sequences
from bacteriophage lambda that are necessary for
the packaging of DNA {cos sites) have been in-
serced; this permics the plasmid DNA o be pack-
a.gc-d 1N vitro.

Endonuodease: An enzyme that cleaves internal
bonds in DNA or RNA.

Excinuclease: The excision nuclease involved in nu-
cleotide exchange repair of DNA,

Exon: The sequence of a gene thar is represented
{expressed) as mENA.

Exonuclease: An enzyme that cleaves nucleotides
from cither the 3’ or 5° ends of DNA or RNA,

Fingerprinting: The use of RFLPs or repear se-
quence DMNA to establish a unique pattern of
DINA fragments for an individual,

Footprinting: DNA with protein bound is resistane
to digestion by DNase enzymes, When a sequenc-
:ing r{:;!l:t:iﬂn Ilﬁ PﬂrFﬂ‘rm I:d u'ii:ng .iil.]ch DHA, i Frﬂ'
tected arca, representing the “footpring” of the
bound protein, will he detected.

Hairpin: A double-helical strerch formed by base

quences of a single strand of DNA or RNA,

Hybridization: The specific reassociation of com-
plementary strands of nucleic acids (DNA with
DA, DMNA with RNA, or RNA wicth BNA)L

Insert: An additional length of base pairs in DNA,
generally introduced by the techniques of recom-
binant DMA technaology.

Intron: The sequence of a gene that is transcribed
but excised before translanon,

L“:lril’].": .I‘\ Eﬂi]iﬂ:rllun ﬂFElUTII'_'d Frlgmﬂ.'ntﬁ l‘h:]‘t [EF—
resents the entire genome, Libraries may be either
genomic DNA (in which bath introns and exons
arc Tcpfmn rL'{I} or fr}H.'&l {'il'l Whlll:]'l. ﬂn]"r’ EXONS
arc represented),

Ligation: The enzyme-catalyzed joining in phos-
phodicster linkage of two siretches of DNA or
RMNA into ong; the respective cneymes are DNA
and RNA [ig:lscs.

Lines: Long interspersed repeat sequences,

Microsatellite polymorphism: Heterorygosity of a
certain microsatellite repeat in an individual,

Microsatellite repeat sequences: Dispersed or
group repeat sequences of 2-5 bp repeated up o
30 times. May occur ar 30-100 thousand loca-
tiens in the genome,

Nick translation: A technigue for labeling DNA
based on the ability of the DNA polymerase from
£ veli to degrade a strand of DNA that has been
nicked and then to resynthesize the strand; if a ra-
d'm:u:l.'iw: nuclfusidc rriphm;ph:ltc 15 om pio}'{:{i, rhc
rebuile strand becomes labeled and can be used as
a radinactive probe.

Northern blot: A method for transferring RNA
from an agarose gel to a nitrocellulose filter, on
which the ENA can be detected by a suitable
probe.

ﬂ]ignnu.cl:ntid:: A short, defined sequence of nu-
cleotides joined together in the gypical phosphodi-
ester linkage.

Ori: The origin of DNA replication.

PAC: A high capacity (70-95 kb) cloning vector
based upan the |}"tic F. cali bacic ri:t]]')[’:.:l.El{' "1 that
replicates in bacteria as an extrachromosomal ele-
ment.

Palindromes A sequence of duplex DNA that is the
same when the two strands are read in opposice di-
TCCOIONS,

Plasmid: A small, extrachromosomal, circalar maole-
cule of DMNA that replicates independently of the
host DMNA.

Polymerase chain reaction {PCR): An enzymatic
method for the repeated copying (and thus ampli-
ﬁfﬂ.fi.un} ﬂF rl'“.' Wi \and.s E'lF I‘JNA th:lr rnalr.-r: |.'|P
a particular gene sequence.
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Primosome: The mobile complex of helicase and
primase that is involved in DNA replication,

Probe: A molecule used to detect the presence of a
specific fragment of DNA or RNMA in, for in-
stance, & bacterial colony that is formed from a ge-
netic library or during analysis by blot transfer
techniques: common probes are cDNA molecules,
synthetic oligodeoxynucleotides of defined se-
quence, or antibadies to specific proteins,

Proteome: The entire collection of expressed pro-
teins in an arganism.

Psendogene: An inactive segment of DNA arising
by mutation of a parental active gene,

Recombinant DNA: The altered DINA that results
fram the insertion of 2 sequence of deoxynu-
cleotides not previously present into an existing
mu‘l.ﬂ:u]: U'F I-} NJ“[ h:r' :TI.I].'EI'I ;“'i‘: or El'“."l'rlil:a]
means,

Restriction enzyme: An endodeoxynuclease that
causes cleavage of both strands of DINA at highly
specific sites dictated by the base sequence.

Reverse transcription: RNA-directed synthesis of
IINA, catalyzed by reverse transcriprase,

RT-PCR: A method used ro quanticare mBENA lev-
els that relics upon a first step of cDINA copying of
mBRMNAs prior to PCR amplification and quantica-
CIO.

Signal: The end product observed when a specific
sequence of DNA or RNA is detected by auroradi-
ography or some other method. Hybridization
with a complementary radioactive polynucleonde
(g, by Southern or Morthern blotting) 15 com-
maonly used to generate the signal,

Sines: Short interspersed repeat sequences.

SNP: Single nucleotide polymorphism. Refers two
the fact thar single nucleotide genetic variation in
genome sequence exists at discreee loci throughout
the chromosomes. Measurement of allelic SNP
differences is usetul for gene mapping studies.

snRNA: Small nuclear RNA. This family of RMNAs
15 best known For its rale in mBNA processing,

Southern blot: A methad for transferring IINA
from an agarose gel o nicrocellulose fler, on
which the DINA can be detected by a suitable
probe {eg, complementary DNA or RMNA),

Southwestern blot: A method for detecring pro-
tein-DNA interactions by applying a labeled DINA
probe to a transfer membrane that contains a rena-
turcd protein.

Spliceosome: The macromolecular complex respon-
sible for precursar mRNA splicing. The splicco-
some consises of at least five small nuclear RN As
(snRNA; U1, U2, U4, U5, and Ub) and many
prnl‘r.':lns.

Splicing: The removal of introns From RNA ac-
companied by the joining of its exons,

Sticky-ended DNA: Complementary single strands
of DNA that protrude from opposite ends of a
DNA duplex or from the ends of different duplex
maolecules (see also Blunt-ended DNA, above),

Tandem: Used to describe multiple copies of the
same sequence (eg, NA) that lie adjacent to one
another.

Terminal transferase: An enzyme that adds nu-
cleotides of one type (eg, deoxyadenonucleotidyl
residues) to the 37 end of DNA strands.

Transcription: Template DNA-directed synthesis
of nucleic acids; ypically DNA-direcred synthesis
of RNA,

Transcriptome: The entire collection of expressed
mRNAs in an organism,

Transgenic: Describing the introduction of new
DMA into germ cells by its injection into the nu-
cleus of the ovum,

Translation: Synthesis of protein using mRNA as
remplare,

Vector: A plasmid or bacreriophage into which for-
cign DNA can be introduced for the purposes of
cloning,

Western blot: A method for rransferning protein
a nitrocellulose flter, on which the protein can be
detected by a suitable probe (eg, an antibody).
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