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There are two classes of nucleic acids, deoxyribonucleic

acid (DNA) and ribonucleic acid (RNA). DNA is the

hereditary molecule in all cellularlife forms, as well as in
many viruses. It has but two functions:

1. To direct its own replication duringcell division.

2. To direct the transcription of complementary mole-
cules of RNA.

RNA,in contrast, has more varied biological functions:

1. The RNAtranscripts of DNA sequences that specify
polypeptides, messenger RNA (mRNA), direct the
ribosomal synthesis of these polypeptides in a pro-
cess knownastranslation.
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792 Section 28-1. Chemical Structure and Base Composition

2. The RNAsof ribosomes, which are about two-thirds

RNAand one-third protein, probably have func-
tional as well as structuralroles.

3. During protein synthesis, amino acids are delivered
to the ribosome by molecules of transfer RNA
(tRNA).

4. Certain RNAsareassociated with specific proteins to
form ribonucleoproteins that participate in the
post-transcriptional processing of other RNAs.

gi . In many viruses, RNA, not DNA,is the carrier of
hereditary information.

In this chapter we examinethe structures of nucleic
acids with emphasis on DNA(the structure of RNAis
detailed in Section 30-2A), and discuss methodsofpuri-
fying, sequencing, and chemically synthesizing nucleic
acids. We end byoutlining how recombinant DNAtech-
nology, whichhasrevolutionized the study of biochem-
istry, is used to manipulate, synthesize, and express
DNA.

1. CHEMICAL STRUCTURE AND

BASE COMPOSITION 

The chemical structures of the nucleic acids were elu-

cidated by the early 1950s largely through the efforts of
Phoebus Levine followed by those of Alexander Todd.
Nucleic acids are, with few exceptions, linear polymers of
nucleotides whose phosphates bridge the 3’ and 5’ positions
of successive sugar residues (e.g., Fig. 28-1). The phos-
phates of these polynucleotides, the phosphodiester
groups, are acidic so that, at physiological pH’s, nucleic
acids are polyanions.

Figure 28-1
(a) The tetranucleotide adenyl-3',5’-uridyl-3’,5‘-cytidyl-3',5’-
guanylyl-3’-phosphate. The sugar atom numbersare primed
to distinguish them from the atomic positions of the bases.
By convention, polynucleotide sequencesare written with
their 5’ end at the left and their 3’ end to the right. Thus,
readingleft to right, the phosphodiester bond links
neighboring ribose residuesin the 5‘ — 3’ direction. The
above sequence may be abbreviated ApDUpCpGporjust
AUCGp(wherea ‘‘p” to theleft and/orright of a nucleoside
symbolindicates a 5’ and/or a 3’ phosphoryl bond,
respectively; see Table 26-1 for other symbol definitions).
The correspending deoxytetranucieotide is abbreviated
d(ApUpCpGp)or d(AUCGp). (b) A schematic representation
of AUCGp.Here a vertical line denotes a ribose residue, its
attached baseis indicated by the corresponding oneletter
abbreviation and a diagonalline flanking an optional ‘‘p’’
represents a phosphodiester bond. The atomic numbering of
the ribose residues, whichis indicated here, is usually
omitted. The equivalent representation of
deoxypolynucleotides differ only by the absence of the
2’-OH groups.
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'g Base Composition Is Governed by

chargaff’s Rules 3
DNA has equal numbers ofadenine and thymineresidues
21) and equal numbers of guanine and cytosine resi-

(A os (G = C). These relationships, known as Chargaff’s
erwere discoveredin the late 1940s by Erwin Char-
OA whofirst devised reliable quantitative methods for
fie separation (by paper chromatography)and analysis
: fDNA hydrolysates. Chargaff also foundthat the base
°mposition of DNAfrom a given organism is charac-
reristic of that organism;thatis, it is independentof the
yssue from which the DNAis takenas well as the age of
she organism, its nutritional state or any other environ-
mental factor. The structural basis of Chargaff’s rules
derives from DNA’s double-stranded character (Section
28-2A).

DNA’s base composition varies widely amongdiffer-
ent organisms. It ranges from ~25 to 75% G+C in
different species of bacteria. It is, however, moreorless
constant amongrelated species; for example, in mam-
mals G + C ranges from 39 to 46%.

RNA,whichusually occursas a single-stranded mole-
cule, has no apparent constraints on its base composi-
tion. However, double-stranded RNA, which comprises
the genetic material of several viruses, obeys Chargaff’s
rules. Conversely, single-stranded DNA, which occurs
in certain viruses, does not obey Chargaff’s rules. Upon
entering its host organism, however, such DNAisrepli-
cated to form a double-stranded molecule, which then

obeys Chargaff’s rules.

Nucleic Acid Bases May Be Modified
Some DNAscontain bases that are chemical deriva-

tives of the standard set. For example, dA and dC in the
DNAsof manyorganismsare partially replaced by N®-
methyl-dA and 5-methyl-dC,respectively.

HL 7s NH,

AN Ais

Ul YN O° SN
N | |

dR dR

N &Methyl-dA 5-Methyl-dC

The altered bases are generated by the sequencespecific
‘Nzymatic modification of normal DNA (Sections
8-64 and 31-7). The modified DNAs obey Chargaff’s

rules if the derivatized bases are taken as equivalent to
“it parent bases. Likewise, many bases in RNA and,in

Particular, in tRNA (Section 30-2), are derivatized.

RNA but Not DNAIs Susceptible to
‘Se-Catalyzed Hydrolysis

Sis } Ais highly susceptible to base-catalyzed hydroly-
y the reaction mechanism diagrammedin Fig. 28-2

a8 to yield a mixture of 2’ and 3’ nucleotides. In

Chapter 28. Nucleic Acid Structures and Manipulation 793
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Figure 28-2
The mechanism of base-catalyzed RNA hydrolysis. The
base-induced deprotonation of the 2’-OH groupfacilitates its
nucleophilic attack on the adjacent phosphorus atom
thereby cleaving the RNA backbone. The resultant 2',3’-
cyclic phosphate group subsequently hydrolyzes to either
the 2’ or the 3’ phosphate. Note that the RNase-catalyzed
hydrolysis of RNA follows a nearly identical reaction
sequence (Section 14-1A).

contrast, DNA,which lacks 2’-OHgroups,is resistant to
base catalyzed hydrolysis and is therefore much more
chemically stable than RNA.This is probably why DNA
rather than RNA evolved to be thecellular genetic ar-
chive.

2. DOUBLE HELICAL

STRUCTURES

The determination of the structure of DNA by James
Watsonand Francis Crick in 1953 is often said to mark
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794 Section 28-2. Double Helical Structures

(a) H° 0 ~o

ANN | H nZ ) HO° “N~ ~H a H
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Uracil Uracil
(keto or lactam form) (enol or lactim form)

 
A

~o
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N~ \

R

Guanine Guanine
(keto or lactam form) (enol or lactim form)

Figure 28-3
Somepossible tautomeric conversions for (a) uracil and (6)
guanineresidues. Cytosine and adenine residues can
undergosimilar proton shifts.

the birth of modern molecular biology. The Watson -
Crick structure of DNAis of such importance because,
in addition to providing the structure of whatis argu-
ably the central moleculeof life, it suggested the molec-
ular mechanism of heredity.Watson and Crick’s accom-
plishment, which is ranked as one of science’s major
intellectual achievements, tied together the less than
universally accepted results of several diverse studies:

1. Chargaff’s rules. At the time, these relationships
werequite obscure becausetheir significance wasnot
apparent. In fact, even Chargaff did not emphasize
them.

2. The correct tautomeric forms of the bases. X-ray,
NMR,andspectroscopic investigations have firmly
established that the nucleic acid bases are over-

whelmingly in the keto tautomeric forms shownin
Fig. 28-1. In 1953, however, this was not generally
appreciated. Indeed, guanine and uracil were widely
believed to be in their enol forms (Fig. 28-3) because
it was thoughtthat the resonancestability of these
aromatic molecules would thereby be maximized.
Knowledge of the dominanttautomeric forms, which
wasprerequisite for the prediction of the correct hy-
drogen bondingassociations of the bases, was pro-
vided by Jerry Donohue, an office mate of Watson
and Crick and an expert on the X-ray structures of
small organic molecules.

3. Information that DNAis a helical molecule. This was
provided by an X-ray diffraction photograph of a

DNA fiber taken by Rosalind Franklin Fi
DNA,being a threadlike molecule, does not : 8-4.
lize but, rather, can be drawn outin fibers co “TYsta}.
of parallel bundles of molecules; Section 7-0)8 ing
scription of the photograph enabled Crick, an A de.
crystallographer by training whohadearlier q, *-
the equations describing diffraction by helical..’®
cules, to deduce that DNAis (a) a helical mole
and(b)that its planar aromatic bases form a stack«0
parallel rings thatis parallel to the fiber axis.

This information only provided a few crude landm,
that guided the elucidation of the DNAstructure.;
mostly sprang from Watson and Crick’s imaginat: it
through model building studies. Once the Wats .
Crick model had been published, however,its basic sim
plicity combined with its obvious biological relevance
led to its rapid acceptance. Later investigations have
confirmed the essential correctness of the Watson—
Crick model althoughits details have been modified.

It is now realized that double helical DNA and RNA
can assumeseveral distinct structures that vary with
such factors as the humidity and the identities of the
cations present, as well as with base sequence.In this
section, we describe these various structures.
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Figure 28-4 7
An X-ray diffraction photograph ofa vertically oriented Na :
DNAfiberin the B conformation. This is the photograph th@
provided key information for the elucidation of the Watson
Crick structure. The central X-shaped pattern of spots |S
indicative of a helix, whereas the heavy black arcs on the toP
and bottom ofthe diffraction pattern correspond to 4
distance of 3.4 A and indicate that the DNA structure
repeats every 3.4 A alongthefiber axis. [Courtesy of
Maurice Wilkins, King’s College, London.]
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gable 28-1
gtructural Features of Ideal A, B, and Z-DNA
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A B Zz

Helical sense Right handed Right handed Left handed
piametet ~26A ~20A ~18A
pase pairs per 11 10 12 (6 dimers)

helical turn
Helical twist per 33° 36° 60° (per dimer)

base pair :

Helix pitch (rise 28 A 34A 45A
per turn) .

Helix rise per 2.6A 3.4A 3.7A
base pair

pasetilt normal 20° 6° 7°
to the helix axis

Major groove Narrow and deep Wide and Deep Flat
Minor groove Wide and shallow Narrow and deep Narrow and deep
Sugar pucker C(3’)-endo C(2’)-endo C(2’)-endo for pyrimidines; C(3’)-endofor purines
Glycosidic bond Anti Anti Anti for pyrimidines; syn for purines
 

 
 
 
 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A. The Watson-Crick Structure: B-DNA

Fibers of DNA assumethe so-called B conformation,
as indicated by their X-ray diffraction patterns, when
the counterion is an alkali metal such as Na* and the
relative humidity is 92%. B-DNAis regarded as the na-
tive form because its X-ray pattern resembles that of the
DNAin intact sperm heads.

The Watson—Crick structure of B-DNA hasthe fol-

lowing major features (Table 28-1):

1. It consists of two polynucleotide strands that wind about
a common axis with a right-handed twist to form an
~20A in diameter double helix (Fig. 28-5). The two
strands are antiparallel (run in opposite directions) and
wrap around each other such that they cannot be
separated without unwindingthe helix (a phenome-
non knownas plectonemic coiling). The bases oc-
cupythe core of the helix while its sugar— phosphate
chainsare coiled about its periphery thereby mini-
mizing the repulsions between charged phosphate
Stoups.

- The planes of the bases are nearly perpendicular to
the helix axis. Each base is hydrogen bondedto a base on
the opposite strand to form a planar base pair (Fig.
28-5). It is these hydrogen bonding interactions, a
Phenomenon known as complementary basepair-
Ing, that result in the specific association of the two
Chains of the double helix.

3. The “ideal” B-DNAhelix has 10 base pairs (bp) per
turn (a helical twist of 36° per bp) and, since the
aromatic bases have van der Waals thicknesses of
3.4 A andare partially stacked on each other (base
stacking; Fig. 28-5b), the helix has a pitch (rise
per turn) of 34 A.
The most remarkable feature of the Watson—Crick

structureis that it can accommodate only twotypesof base
pairs: Each adenine residue must pair with a thymine resi-
due and vice versa, and each guanineresidue mustpairwith
a cytosine residue and vice versa. The geometries of these
A-T and G:C basepairs, the so-called Watson- Crick
base pairs, are shownin Fig. 28-6. It can be seen that
both of these base pairs are interchangeablein that they can
replace each other in the double helix without altering the
positions of the sugar- phosphate backbone’s C(1’) atoms.
Likewise, the double helix is undisturbed by exchanging the
partners of a Watson —Crick basepair, that is, by changing a
G:CtoaC-GoraA:T toaT-A. In contrast, any other
combination of bases would significantly distort the
double helix since the formation of a non-Watson—
Crick basepair would require considerable reorientation
of the sugar—phosphate chain. .

The two deepgroovesthat wind aboutthe outside of
B-DNAbetweenthe sugar-phosphate chainsareofun-
equalsize (Fig. 28-5a) because:(1) the top edge of each
base pair, as drawnin Fig. 28-6,is structurally distinct
from the bottom edge; and (2) the deoxyribose residues
are asymmetric. The minor grooveis that in which the
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796 Section 28-2. Double Helical Structures

Figure 28-5
The structure of B-DNA as represented byball-and-stick
drawings and the corresponding computer-generated
space-filling models. Thé repeating helix is based on the
X-ray structure of the self-complementary dodecamer
d(CGCGAATTCGCG) determined by Richard Dickerson and
Horace Drew.(a) View perpendicular to the helix axis. In the
drawing, the sugar-— phosphate backbones, which wind
aboutthe periphery of the molecule, are blue, and the
bases, which occupyits core, are red. In the space-filling

 
model, C, N, O, and P atomsare white, blue, red, and.
green, respectively. H atoms have been omitted for clarity in
both drawings. Notethat the two sugar- phosphate chains..
run in opposite directions. (b) (opposite) View along the ee
axis. In the drawing,the ribose ring O atomsare red and
nearest basepair is white. Note that the helix axis passes
through the basepairs so that the helix has a solid core- hics
[Drawings copyrighted © byIrving Geis. Computer grap
courtesy of Robert Stodola, Fox Chase Cancer Center‘J

 



9

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

 

cs

 

Figure 28-5 (b)

C(1’)-helix axis-C(1’) angle is < 180° (opening towards
the bottom in Fig. 28-6; the helix axis passes through the
middle of each base pair in B-DNA), whereas the majer
groove opens towards the opposite edge of each base
pair (Fig. 28-6).

The Watson—Crick structure can accommodate any
sequence of bases on one polynucleotide strand if the
opposite strand has the complementary base sequence.
This immediately accounts for Chargaff’s rules. More
importantly, it suggests that hereditary informationis en-
coded in the sequenceof bases on either strand.

Real DNA Deviates from the Ideal

Watson - Crick Structure

. By the late 1970s, advancesin nucleic acid chemistry
permitted the synthesis and crystallization of ever
longer oligonucleotides of defined sequences (Section
28-7). Consequently, some 25 years after the Watson-
Crick structure had been formulated. the X-ray crystal
structures of DNA fragments wereclearly visualized for
the first time (fiber diffraction studies provide only
crude low resolution images in whichthe basepair elec-

Figure 28-6
The Watson-Crick base pairs. The line joining the C(1’)
atoms is the same length in both base pairs and makes equal
&ngles with the glycosidic bonds to the bases. This gives

NAaseries of pseudo-twofold symmetry axes (often
referred to as dyad axes) that pass throughthe centerof
€ach basepair (red line) and are perpendicular to the helix
axis. Note that A:T base pairs associate via two hydrogen

‘Onds, whereas C-G base pairs are joined by three
drogen bonds. [After Arnott, S., Dover, S. D., and
Onacott, A. J., Acta Cryst. B25, 2196 (1969).]

Chapter 28. Nucleic Acid Structures and Manipulation 797
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798 Section 28-2. Double Helical Structures

tron density is the average electron density ofall the
basepairs in thefiber). Richard Dickerson and Horace
Drew haveshownthatthe self-complementary dodeca-
mer d(CGCGAATTCGCG)crystallizes in the B-confor-
mation. The molecule has an averagerise per residue of
3.4A and has 10.1 bp per turn (a helical twist of
35.6°per bp), which is nearly equal to that of ideal
B-DNA. Nevertheless, individual residues significantly
depart from this average conformation in a manner that
appears to be sequence dependent(Fig. 28-5). For example,
the helical twist per base pair in this dodecamer ranges
from 28 to 42°. Each base pair further deviates from its
ideal conformation by such distortions as propeller
twisting (the opposite rotation of paired bases aboutthe
base pair’s long axis; in the above dodecamer these
values range from 10 to 20°) and base pair roll (the
tilting of a base pair as a whole aboutits long axis).
Indeed, rapidly accumulating X-ray and NMRstudies of
other double helical DNA oligomers have amply dem-
onstrated thatthe structure of DNAis surprisingly irregu-
lar in a sequence-specific manner. This phenomenon, as we
shall see (Sections 29-3C and E) is importantfor the se-
quence-specific binding to DNA of proteins that process
genetic information.

DNAIs Semiconservatively Replicated
The Watson- Crick structure also suggests how DNA

can direct its own replication. Each polynucleotide
strand can act as a template for the formation ofits
complementary strand through base pairing interac-
tions. The two strands of the parent molecule must
therefore separate so that a complementary daughter
strand may be enzymatically synthesized on the surface
of each parentstrand. This results in two molecules of
duplex (double stranded) DNA,each consisting of one
polynucleotide strand from the parent molecule and a
newly synthesized complementary strand (Fig. 1-16).
Such a modeofreplication is termed semiconservative
in contrast with conservative replication which,if it
occurred, would result in a newly synthesized duplex
copy of the original DNA molecule with the parent
DNA molecule remaining intact. The mechanism of
DNAreplication is the main subject of Chapter 31.

The semiconservative nature of DNA replication was
elegantly demonstrated in 1958 by Matthew Meselson
and Franklin Stahl. The density of DNA wasincreased
by labeling it with 45N, a heavyisotope ofnitrogen (4N
is the naturally abundant isotope). This was accom-
plished by growing E. coli for 14 generations in a me-
dium that contained *NH,Clasits only nitrogen source.
The labeled bacteria were then abruptly transferred to
an 14N-containing medium and the density of their
DNAwas monitored as a function of bacterial growth
by equilibrium density gradient ultracentrifugation
(Section 5-5B; a technique Meselson,Stahl, and Jerome
Vinograd had developedfor the purposeof distinguish-
ing *N-labeled DNA from unlabeled DNA).

The results of the Meselson-Stahl experimen;
displayed in Fig. 28-7. After one generation (doubjin ate
thecell population),all of the DNAhad a density exact]
halfway betweenthedensities offully “N-labeled yy y
and unlabeled DNA. This DNA must therefore contay.
equal amounts of '*N and '°Nasis expected after n
generation of semiconservative replication. Consery,.
tive DNAreplication, in contrast, would resultjne
preservationof the parental DNA,sothatit maintained
its original density, and the generation of an e ual
amountof unlabeled DNA.After two generations, one
half of the DNA molecules were unlabeled andthe ye.
mainder were 4N—°N hybrids. Thisis also in accord
with the predictions of the semiconservative replication
modeland in disagreementwith the conservative repli-
cation model. In succeeding generations, the amountof
unlabeled DNAincreasedrelative to the amountof hy.
brid DNA although the hybrid never totally disap-
peared. This is again in harmony with semiconservative
replication but at odds with conservative replication,
which predicts that the fully labeled parental DNA will
always be present and that hybrid DNA neverforms,

Meselson and Stahl also demonstrated that DNAis
double stranded. DNA from 'N-labeled E. coli that

_were grownfor one generation in an “N medium was
heat denatured at 100°C (which causes strand separa-
tion; Section 28-3A) and then subjected to density gra-
dient ultracentrifugation. Two bands were observed;
one at the density of fully *N-labeled DNA and the
other at the density of unlabeled DNA. Moreoverthe
molecular masses of the DNA in these bands,asesti-

mated from their peak shapes, was one half that of
undenatured DNA(the peak width varies with molecu-
lar mass). Native DNA must therefore be composed of
two equal-sized strands that separate upon heat dena-
turation.

B. Other Nucleic Acid Helices

Double-stranded DNA is a conformationally variable
molecule. In the following subsections we discuss its
major conformational states besides B-DNA and also
those of double-stranded RNA.

A-DNA’s Base Pairs Are Inclined to the Helix Axis
When the relative humidity is reduced to 75°01

B-DNA undergoesa reversible conformational change
to the so-called A form.Fiber X-ray studies indicate that
A-DNAforms a widerand flatter right-handed helix tha
does B-DNA(Fig. 28-8; Table 28-1), A-DNA has11 PP
per turn andapitch of 28 A which gives A-DNA oe
axial hole (Fig. 28-8b). The most striking feature -
A-DNA,however,is that the planesofits base pa" *
tilted 20° with respect to the helix axis. A-DNA nie
fore has a deep major groove and a very shallow mn a
groove; it can be described asaflat ribbon wou”1f-
around a 6 A in diameter cylindrical hole. Most 5°
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; e demonstration of the semiconservative nature of DNA
“plication in E. coli. DNA in a CsClsolution of density 1.71
awas subjected to equilibrium density gradient

acentrifugation at 140,000 g in an analytical
0 racentrifuge (a device in which the spinning sample can be
ically observed). The enormouscentrifugal acceleration
‘sed the CsCl to form a density gradient in which DNA

areated to its position of buoyant density. The left panels
stro V absorption photographsof ultracentrifuge cells (DNA
re oly absorbs UV light) and are arranged such that
T Ss of equal density have the same horizontal positions.

; Middle panels are microdensitometertraces of the
"sponding photographsin which the vertical

Generations
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displacementis proportional to the DNA concentration. The
buoyant density of DNA increases with its 5N content. The
bandsfurthest to the right (greatest radius and density) arise
from DNAthatis fully *N labeled, whereas unlabeled DNA,
whichis 0.014 g-cm~$ fess dense, forms the leftmost
bands. The bandsin the intermediate position result from
duplex DNAin which onestrandis 1=N labeled and the other
strand is unlabeled. The accompanying interpretive drawings
(right) indicate the relative numbers of DNA strands at each
generation donated bytheoriginal parents (blue, 9N labeled)
and synthesized by succeeding generations (red, unlabeled).
[From Meselson, M. and Stahl, F. W., Proc. Natl. Acad. Sci.
44, 674 (1958).]
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800 Section 28-2. Double Helical Structures

Figure 28-8
Ball-and-stick drawings and the corresponding space-filling
models of A-DNA as viewed(a) perpendicular to the helix
axis, and (b) (opposite) along the helix axis. The color codes
are given in Fig. 28-5. The repeating helix was generated by
Richard Dickerson based on the X-ray structure of the
self-complementary octamer d(GGTATACC) determined by

12

 
Olga Kennard, Dov Rabinovitch, Zippora Shakked, and to
Mysore Viswamitra. Note that the base pairs are inclined F
the helix axis and that the helix has a hollow core. Compr
this figure with Fig. 28-5. [Drawings copyrighted © byIM
Geis. Computer graphics courtesy of Robert Stodola, FOX
Chase CancerCenter.]
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Figure 28.8 (b)

complementary oligonucleotides of < 10 base pairs; for
example, d(GGCCGGCC) and d(GGTATACC), crys-
tallize in the A-DNA conformation. Like B-DNA,these
molecules exhibit considerable sequence-specific con-
fermational variation. It has not been established that

A-DNAexists in vivo although a few experimental ob-
servations suggest that certain DNA segments normally
assume the A conformation.

Z-DNA Formsa Left-Handed Helix

Occasionally, a seemingly well understoodorat least
familiar system exhibits quite unexpected properties.
Over 25 years after the discovery of the Watson-—Crick
Stucture, the crystal structure determination of
d(CGCGCG) by Andrew Wang and AlexanderRich re-
Yealed, quite surprisingly,a left-handed doublehelix(Fig.
48-9; Table 28-1). A similar helix is formed by
€(CGCATGCG). This helix, which has been dubbed

“DNA,has 12 Watson -Crick base pairs per turn, a pitch
Y 5A and, in contrast to A-DNA, a deep minorgroove and
; iscernable major groove. Z-DNAtherefore resembles

eft-handed drill bit in appearance. The base pairs in
Biare flipped 180° relative to those in B-DNA(Fig.
.. through conformational changes discussed in
Da 28-3B. As a consequence, the repeating unit of

mic] A 1s a dinucleotide, d(XpYp), rather than a single
aoe as it is in the other DNA helices. Here, X is
tesig Y a pyrimidine residue and Y is usually a purine
oe because the purine nucleotide assumes a con-
Pytingee that would besterically unfavorable in the

a Idine nucleotide. The line joining successive
thereate groups on a polynucleotide strand of Z-DNA

°re follows a zigzag path arogind the helix (Fig.

Chapter 28. Nucleic Acid Structures and Manipulation 801

 
28-9a; hence the name Z-DNA)rather than a smooth
curve as it does in A- and B-~-DNAs(Figs. 28-5a and
28-82).

Fiber diffraction and NMRstudies have shownthat

complementary polynucleotides with alternating pu-
rines and pyrimidines, such as poly d(GC): poly d(GC)
or poly d(AC): poly d(GT), take up the Z-DNAconfor-
mation at high salt concentrations. Evidently, the
Z-DNA conformation is most readily assumed by DNA seg-
ments with alternating purine —pyrimidine base sequences
(for structural reasons explained in Section 28-3B). A high
salt concentration stabilizes Z-DNArelative to B-DNA

by reducing the otherwise increasedelectrostatic repul-
sions between closest approaching phosphate groups
on opposite strands (8 Ain Z-DNA vs 12 Ain B-DNA).
The methylation of cytosine residues at C(5), a common
biological modification (Section 31-7), also promotes
Z-DNAformation since a hydrophobic methyl group in
this position is less exposed to solvent in Z-DNAthanit
is in B-DNA.

Does Z-DNA have any biological significance? Rich
has proposed that the reversible conversion of specific
segments of B-DNA to Z-DNA under appropriatecir-
cumstancesacts as a kind of switch in regulating genetic
expression. Yet, the in vivo existence of Z-DNA has been
difficult to prove. A major problem is demonstrating
that a particular probe for detecting Z-DNA, a Z-DNA-
specific antibody, for example, does not in itself cause
what would otherwise be B-DNA to assume the Z

conformation —akind of biological uncertainty princi-
ple (the act of measurementinevitably disturbs the sys-
tem being measured). Recently, however, Z-DNA has
been shown to be present in E. coli by employing an
E. coli enzymethat methylates a specific base sequence
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J

Figure 28-9
Ball-and-stick drawings and the corresponding space-filling
models of Z-DNA as viewed (a) perpendicular to the helix
axis and (6) (opposite) along the helix axis. The color codes
are given in Fig. 28-5. The repeating helix was generated by
Richard Dickerson based on the X-ray structure of the
self-complementary hexamer d(CG G) determined by

14

 
a.Andrew Wang and AlexanderRich. Note that the helix Is |

handed and that the sugar~ phosphate chains follow 4 adi
zigzag course(alternate ribose residueslie at different -
in Part b) indicating that the Z-DNA’s repeating motif 06-8:
dinucleotide. Compare this figure with Figs. 28-5 an aphics
[Drawings copyrighted © byIrving Geis. Computer gr
courtesy of Robert Stodola, Fox Chase Cancer Genter.
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Figure 28-9 (b)

in vitro when the DNAis in the B form but not whenitis

in the Z form. The in vivo methylation of this basese-
quence is inhibited whenit is clonedin E. coli (by tech-
niques discussed in Section 28-8) within or adjacent toa
DNA segmentthat can form Z-DNA. Moreover, there is
a balance betweenthe in vivo B and Z forms of these

DNAsthatis thoughtto be influenced by environmental
factors such as salt concentration andprotein binding.
Nevertheless, the biological function of Z-DNA,if any,
remains unknown.

Figure 28-10
The conversion of B-DNA to
Z-DNA,here represented by a 4 bp
Segment, involves a 180° flip of
ach basepair (curved arrows)
relative to the sugar—phosphate
Chains. Here, the different faces of
he base pairs are colored red and

Green. [After Rich, A., Nordheim, A.,
and Wang, A. H.-J., Annu. Rev.
Biochem. 58, 799 (1984).]  
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RNA-11 and RNA-DNAHybrids Havean
A-DNA-Like Conformation

Double helical RNA is unable to assume a B-DNA-

like conformation becauseofsteric clashesinvolvingits
2’-OH groups. Rather, it usually assumes a conforma-
tion resembling A-DNA(Fig. 28-8), known as A-RNA
or RNA-11, which has 11 bp perhelical turn,a pitch of
30 A, andits base pairs inclined to the helix axis by
~ 14°. Many RNAs,for example, transfer and ribosomal
RNAs(whosestructures are detailed in Sections 30-2A
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Figure 28-11
An electron micrograph of a ¥2 bacteriophage that had been
osmotically lysedin distilled water so that its DNA spilled
out, Without special treatment, duplex DNA, which is only
20 A in diameter,is difficult to visualize in the electron
microscope.In theKleinschmidt procedure, DNAis
fattened to ~ 200 A in diameter by coating it with denatured
cytochrome c or someother basic protein. The preparation
is rendered visible in the electron microscope by shadowing
it with platinum. [From Kleinschmidt, A. K., Lang, D.,
Jacherts, D., and Zahn, R. K., Biochim. Biophys. Acta 61,
861 (1962).]

 
Figure 28-12
An autoradiograph of Drosophila melanogaster DNA.
Lysates of D. melanogaster cells that had been cultured with
[*H]thymidine were spread on a glassslide and covered
with a photographic emulsion that was developedafter a 5-
month exposure. The measured contour length of the DNA
is 1.2 cm. [From Kavenoff, R., Klotz, L. C., and Zimm,B.H.,
Cold Spring Harbor Symp. Quant. Biol. 38, 4 (1973).
Copyright © 1973 by Cold Spring Harbor Laboratory.]

and 30-3A), contain complementary Seque
form doublehelical stems. Hybrid doublehe}j
consist of one strand each of RNA and DNA al hich
an A-DNA-like conformation. Smal] se 7 SO have
RNA: DNAhybrid helices must occur in both ¢ Nts of
scription of RNA on DNA templates (Section 29 an.
andin the initiation of DNAreplication by shor}, 2?)
of RNA(Section 31-1D). lengths

Niceg tCes, w hat

C. The Size of DNA

DNA molecules are generally enormous(Fig, 28.1
molecular mass of DNAhas been determined by
ety of techniques including hydrodynamic ym,
(Section 5-5), length measurementsbyelectron

copy, and autoradiography [Fig. 28-12; a base pair of
Na* B-DNAhas an average molecular mass of 660 D
and a length (thickness) of 3.4 A]. The number of base
pairs and the contour lengths (the end-to-end lengths
of the stretched out native molecules) of the DNAs from
a selection of organisms of increasing complexity are
presentedin Table 28-2. Not surprisingly, an organism’s
haploid quantity (unique amount) of DNAvaries more
or less with its complexity (although there are notable
exceptionsto this generalization suchasthelast entry in
Table 28-2).

The visualization of DNAs from prokaryotes has
demonstrated that their entire genome (complementof
genetic information) is contained on a single, usually
circular, length of DNA.Similarly, Bruno Zimm demon-
strated that the largest chromosomeof the fruit fly Dro-
sophila melanogaster contains a single molecule ofDNA by
comparing the molecular mass of this DNA with the
cytologically measured amount of DNAcontainedin
the chromosome. Presumably other eukaryotic chro-
mosomesalso contain only single molecules of DNA.

The highly elongated shape of duplex DNA (recall
B-DNAis only 20 A in diameter), together with its
stiffness, make it extremely susceptible to mechanical
damageoutside thecell’s protective environment (for
instance,if the Drosophila DNA of Fig. 28-12 were ex
panded bya factor of 500,000,it would havethe shape
and some of the mechanical properties of a 6-km long
strand of uncooked spaghetti). The hydrodynamic
shearing forces generated by such ordinary laboratory
manipulationsasstirring, shaking, andpipetting, break
DNAintorelatively small pieces so that the isolation °
an intact molecule of DNA requires extremely gent?
handling. Before 1960, whenthis wasfirst realized, the
measured molecular masses of DNA were no hig “i
than 10 million D. DNA fragments of uniform molec’
lar mass and as small as a few hundred basepairs may
be generated by shear degrading DNAina controle j
manner;for instance, by pipetting, through the use ° h
high speed blender, or by sonication(exposure t0 hig
frequency sound waves).

1). The
a Vari.

ethods
Micros.
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gable 28-2
gins of Some DNAMolecules

Numberof Contour

Organism Base Pairs (kb)* Length (um)
Viruses

polyoma, $v40 5.1 17
Bacteriophage 4 48.6 17
42,74,16 bacteriophage 166 55
powlpox 280 193

Bacteria

Mycoplasma hominis 760 260
escherichia coli 4,000 1,360

Eukaryotes

yeast(in 17 haploid
chromosomes) 13,500 4,600

prosophila (in 4 haploid
chromosomes) 165,000 56,000

Human (in 23 haploid
chromosomes) 2,900,000 990,000

Lungfish (in 19 haploid
chromosomes) 102,000,000 34,700,000

* kb = kilo base pair = 1000 base pairs (bp).

Source: Kornberg, A., DNA Replication, p. 20, Freeman (1980).

3. FORCES STABILIZING

NUCLEIC ACID STRUCTURES

DNA does not exhibit the structural complexity of
proteins becauseit has only a limited repertoire of sec-
ondary structures and no comparabletertiary or quater-
fary structures. This is perhaps to be expected since
there is a far greater range of chemical and physical
Properties amongthe 20 aminoacid residuesof proteins
than there is among the four DNAbases. As wediscuss
in Sections 30-2B and 3A, however, many RNAshave
well-defined tertiary structures.

In this section we examinethe forces that give rise to
the structures of nucleic acids. These forces are, of
“curse, much the sameas thosethatare responsible for
; “structures of proteins (Section 7-4) but, as weshall
Se, the way they combinegives nucleic acids properties
at are quite different from those of proteins.

 

A. Denaturation and Renaturation

wo a solution of duplex DNAis heated above a char-
i °ristic temperature, its native structure collapses andits0,

F Complementary strands separate and assume the ran-
¢ 4 Coil conformation (Fig. 28-13). This denaturation pro-
Dy, S accompanied by a qualitative change in the
istic 8 physical properties. For instance, the character-

Igh viscosity of native DNA solutions, which

Chapter 28. Nucleic Acid Structures and Manipulation 805

 

 

 
Native (double helix) |

Denatured

(random coil)

Figure 28-13
A schematic representation of DNA denaturation.

arises from the resistance to deformationofits rigid and
rodlike duplex molecules, drastically decreases when
the DNA decomposesto relatively freely jointed single
strands.

DNADenaturation Is a Cooperative Process
The most convenient way of monitoring the native

state of DNAis byits ultraviolet (UV) absorbance spec-
trum. When DNAdenatures, its UV absorbance, which

is almost entirely due to its aromatic bases, increases by
~40% at all wavelengths (Fig. 28-14). This phenome-
non, which is known as the hyperchromic effect
(Greek; hyper, above; chroma, color), results from the
disruption of the electronic interactions among nearby
bases. DNA’s hyperchromic shift, as monitored at a par-
ticular wavelength (usually 260 nm), occurs overa nar-
row temperature range (Fig. 28-15). This indicates that
the denaturation of DNAis a cooperative phenomenon
in which the collapse of one part of the structure desta-
bilizes the remainder. The denaturation of DNA may be
described as the melting of a one-dimensional solid so
that Fig. 28-15 is referred to as a melting curve and the
temperature at its midpoint is known as its melting
temperature,T,,.

Thestability of the DNA double helix, and henceits
T, depends on several factors including the nature of
the solvent, the identities and concentrations of the ions

in solution, and the pH.T,, also increases linearly with
the mole fraction of G-C basepairs (Fig. 28-16), which
indicates that triply hydrogen bonded G:C basepairs
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1.0 |—

__— Denatured (82 °C)
o

2 0.8 |-oO
2Oow

3 0.6 |—o
2

&
f 04

0.2 | |
Native (25°C)

0 1
180 200 220 240 260 280 300

Wavelength (nm)

Figure 28-14
The UV absorbancespectra of native and heat denatured E.
coli DNA. Note that denaturation does not change the
general shape of the absorbance curve but only increases
its intensity. [After Voet, D., Gratzer, W. B., Cox, R. A., and
Doty, P., Biopolymers 1, 205 (1963).]
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Figure 28-15
An example of a DNA melting curve. The relative absorbance
is the ratio of the absorbance (customarily measured at
260 nm) at the indicated temperature to that at 25°C. The
melting temperature,T,,, is the temperature at which one
half of the maximum absorbanceincreaseis attained.
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100 |

0.15M Nacl +

0.015M Na citratfe
80 [—

G+C(mol%)  
20 |—

 

 
i140

Ty, (PC)

Figure 28-16
Thevariation of the melting temperatures,T,,, of various
DNAswith their G + C content. The DNAs weredissolved in
a solution containing 0.15M NaCl and 0.015M Nacitrate.
{After Marmur, J. and Doty, P., J. Mo/. Biol. 5, 113 (1 962).]

are morestable than doubly hydrogen bonded A:Tbase
pairs.

Denatured DNA Can Be Renatured

If a solution of denatured DNAis rapidly cooled
belowits T,,, the resulting DNA will be only partially
base paired (Fig. 28-17) because the complementary
strands will not have had sufficient time to find each

other before thepartially base paired structures become
effectively “frozen in.” If, however, the temperatureis
maintained ~ 25°C below theT,,, enough thermalen-
ergy is available for short base paired regions to reat-
range by melting and reforming but not so much asto
melt out long complementarystretches. Under such an-
nealing conditions, as Julius Marmur discovered in
1960, denatured DNAeventually completely renatures.
Likewise, complementary strands of RNA and DNA, in
a process knownas hybridization, form RNA-DNA
hybrid double helices that are only slightly less stable
than the corresponding DNA double helices.

B. Sugar- Phosphate Chain Conformations
The conformation of a nucleotide unit, as Fig. 28-18

indicates, is specified by the six torsion angles of the
sugar—phosphate backboneand thetorsion angle de-
scribing the orientation of the base about the glycosidi
bond[the bond joining C(1’) to the base].It would seem
that these seven degrees of freedom per nucleotidé
would renderpolynucleotides highly flexible. Yet, 4 wy
shall see, these torsion angles are subject to a variety °
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————___ Intramolecular
aggregation 

Intermolecular

aggregation

Figure 28-17
A schematic representation of the imperfectly base paired
structures assumed by DNAthat has been heat denatured
and then rapidly cooled. Note that both intramolecular and
intermolecular aggregation may occur.

internal constraints that greatly restrict their conforma-
tional freedom.

Torsion Angles about Glycosidic Bonds Have One
st Two Stable Positions

The rotation of a base aboutits glycosidic bond is
greatly hindered, as is best seen by the manipulation of a
space-filling molecular model. Purine residues have two
sterically permissible orientations relative to the sugar
known as the syn (Greek: with) and anti (Greek:
against) conformations (Fig. 28-19). For pyrimidines,
only the anti conformation is easily formed because,in
the syn conformation, the sugarresiduesterically inter-
fetes with the pyrimidine’s C(2) substituent. In most

NHNH, 2

Nm N N~_Z yy

now TN NTN
cn, 9 Dy HOCH 9 Dy

HoH H #H
E H H H

OH OH OH OH
8
3” Adenosine anti Adenosine
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Nucleotide
unit

 
H'6') HG’)

Figure 28-18
The conformation of a nucleotide unit is determined by the
seven indicated torsional angles.

double helical nucleic acids, all bases are in the anti

conformation. The exception is Z-DNA (Section 28-2B),
in whichthealternating pyrimidine and purineresidues
are anti and syn, respectively. This explains Z-DNA’s
pyrimidine — purine alternation. Indeed, the basepairflips
that convert B-DNAto Z-DNA(Fig. 28-10) are brought
aboutby rotating each purine base aboutits glycosidic
bond from the anti to syn conformations, whereas the
sugars rotate in the pyrimidine nucleotides thereby
maintaining their anti conformations.

Sugar Ring Pucker Is Limited to Only a Few ofIts
Possible Arrangements

Theribose ring has a certain amountofflexibility that
significantly affects the conformation of the sugar—
phosphate backbone. The vertex angles. of a regular
pentagonare 108°, a value quite close to the tetrahedral

NH, Figure 28-19
Thesterically allowed orientations of

Sw purine and pyrimidine bases with respect

| A to their attached riboseunits.
N 0

HOCH, 6 ([x
H H

H H

OH OH

anti Cytidine

(mi
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(a)

 

 
Figure 28-20
The substituents to (a) a planar ribose ring [here viewed
downthe C(3')—C(4’) bond] are all eclipsed. The resulting
steric strain is partially relieved by ring puckering such as in
(b), a half-chair conformation in which C(3’)is the out-of-
plane atom.

angle (109.5°), so that one might expect the ribofuran-
ose ring to be nearly flat. However,the ring substituents
are eclipsed whenthe ring is planar. To relieve the re-
sultant crowding, which even occurs between hydrogen
atoms, the ring puckers;thatis, it becomesslightly non-
planar,so as to reorient the ring substituents (Fig. 28-20;
this is readily observed by the manipulation ofa skeletal
molecular model).

One would, in general, expect only three of a ribose
ring’sfive atomsto be coplanarsince three points define
a plane. Nevertheless, in the great majority of the >50
nucleoside and nucleotide crystal structures that have

. been reported, four of the ring atoms are coplanar to
within a few hundrethsof an A andthe remaining atom
is out of this plane by several tenths of an A (the half-
chair conformation). If the out-of-plane atom is dis-
placed to the samesideofthe ring as atom C(5’),it is said
to have the endo conformation (Greek: endon, within),
whereas displacement to the opposite side of the ring
from C(5’) is known as the exo conformation (Greek:
exo, out of). In the great majority of known nucleoside
and nucleotide structures, the out-of-plane atom is ei-
ther C(2’) or C(3’) (Fig. 28-21). C(2’)-endo is the most
frequently occurring ribose pucker with C(3’)-endo and
-exo also being common. Otherribose conformationsare
rare.

The ribose pucker is conformationally important in nu-

cleic acids becauseit governs the relative orientation, 0
phosphatesubstituents to each ribose residue. For insta
it is difficult to build a modelof a double helical ny,A
acid unless the sugars are either C(2’)-endo o; cre
endo. In fact, B-DNA has the C(2’)-endo conforma )-
whereas A-DNA and RNA-11 are C(3’)-eng, on
Z-DNA,the purine nucleotides are all C(3’)-endo
the pyrimidine nucleotides are C(2’)-endo, which jg
other reason whythe repeating unit of Z-DNAis q dine
cleotide. Note that the most commonsugar puckeys u-
independent nucleosides and nucleotides, molecu
that are subject to few of the conformational constraint,
of double helices, are the same as those of doubl.
helices. .

and

The Sugar-Phosphate BackboneIs
Conformationally Constrained

If the torsion angles of the sugar~phosphate chain
(Fig. 28-18) were completely free to rotate, there could
probably benostable nucleic acid structure. However,
the comparison, by Muttaiya Sundaralingam, of some

(a)

 
Cy -endo

 
Figure 28-21 the game
Nucleotidesin (a) the C(3’)-endo conformation [on do
side of the sugar ring as C(5’)], and (b) the C(2-er™
conformation which occur, respectively, in A-D a ih
B-DNA.The distances between adjacent P atornssaenge"
sugar — phosphate backboneareindicated. [After ringer
W., Principles of Nucleic Acid Structure, Pp. 237, SP
Verlag (1983).]}
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Figure 28-22
A conformational wheel showing the distribution of the
torsion angle about the C(4’)—C(5’) bond (y in Fig. 28-18)in
33 X-ray structures of nucleosides, nucleotides and
polynucleotides. Each radialline represents the position of
the C(4’)—O(4’) bondin a single structurerelative to the
substituents of C(5’) as viewed from C(5’) to C(4’). Note that
most of the observed torsion angles fall within a relatively
narrow range. [After Sundaralingam, M., Biopolymers 7, 838
(1969).}

40 nucleoside and nucleotide crystal structures revealed
that these anglesarereally quite restricted. For example,
the torsion angle about the C(4’)— C(5’) bond(7in Fig.
28-18) is rather narrowly distributed such that O(4’)
usually has a gauche conformation with respect to O(5’)
(Fig. 28-22). This is because the presence of the ribose
ting together with certain noncovalentinteractions of
the phosphate group stiffens the sugar—phosphate
chain by restricting its range of torsion angles. These
Testrictions are even greater in polynucleotides because
ofsteric interference between residues.

The sugar-phosphate conformational angles of the
Various double helices are all reasonably strain free.

ouble helices are therefore conformationally relaxed ar-
rangements of the sugar—phosphate backbone. Neverthe-
less, the sugar— phosphate backboneis by no means a
“gid structure so that, upon strand separation, it as-
Stmes a random coil conformation.

C. Base Pairing
Base Pairing is apparently a “glue”that holds together

®uble-stranded nucleic acids. Only Watson-Crick
=occurin the crystal structures of self-complemen-
A MU oligonucleotides.It is therefore important to under-
i, how Watson-Crick base pairs differ from other
that ly hydrogen bonded arrangements of the bases

ave reasonable geometries (e.g., Fig. 28-23).

Chapter 28. Nucleic Acid Structures and Manipulation 809

Unconstrained A-T Base Pairs Assume

Hoogsteen Geometry
When monomeric adenine and thymine derivatives

are cocrystallized, the A-T base pairs that form invari-
ably have adenine N(7) as the hydrogen bonding accep-
tor (Hoogsteen geometry; Fig. 28-23b) rather than N(1)
(Watson - Crick geometry; Fig. 28-6). This suggests that
Hoogsteen geometryis inherently more stable for A-T
pairs than is Watson — Crick geometry. Apparently steric
and other environmental influences make Watson—
Crick geometry the preferred modeof base pairing in
double helices. A-T pairs with Hoogsteen geometry are
nevertheless of biological importance; for example, they
help stabilize the tertiary structures tRNAs (Section

N |
CH,

(b) CH,

oO N—CH,

ANy7 N
vH O

Nn SN

l_ LD?ZA
NT

CH,

(c) CHg

R—N O..

) N HV y-H
0 “ay.

Nn

Figure 28-23
Some non-Watson -Crick base pairs. (a) the pairing of
adenine residuesin the crystal structure of 9-methyladenine.
(b) The Hoogsteen pairing between adenine and thymine
residuesin the crystal structure of 9-methyladenine- 1-
methylthymine. (c) A hypothetical pairing between cytosine
and thymine residues.
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\ (a) (b)G 0.0008M G 0.0008M
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8 t Cc 0.0008M * x 0.0008
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G+C 0.0016M  

 
 

Observed 
| |

3500 3400 3300

Calculated sum
—

G+A 0.0016M 

 
 
 

Observed

Calculated sum | 
|

3500 3400 3300

Wave number tem}

Figure 28-24
The IR spectra, in the N—H stretch region, of guanine,
cytosine, and adenine derivatives, both separately andin the
indicated mixtures. The solvent, CDCl,, does not hydrogen
bond with the basesandis relatively transparentin the
frequency range ofinterest. (a) G + C.Theline in the lower
spectrum, which is the sum of the two upperspectra,is the
calculated spectrum of G + C for noninteracting molecules.

30-2B). In contrast, monomeric G:C pairs always co-
crystallize with Watson—Crick geometry as a conse-
quenceoftheir triply hydrogen bondedstructures.

Non-Watson - Crick Base Pairs Are of Low Stability
The bases of a double helix, as we have seen (Section

28-2A), associate such that any base pair position may
interchangeably be A-T, T-A, G:C, or C’G without
affecting the conformations of the sugar—phosphate
chains. One might reasonably suppose that this require-
ment of geometric complementarity of the Watson—
Crick base pairs, A with T and G withC,is the only
reason that other base pairs do not occur in a double
helical environment.In fact, this was precisely what was
believed for many yearsafter the DNAdouble helix was
discovered.

Eventually, the failure to detect pairs of different
bases in nonhelical environments other than A with T
(or U) and G with C led Richard Lord and Rich to dem-
onstrate, through spectroscopic studies, that only the
bases of Watson—Crick pairs have a high mutualaffinity.
Figure 28-24a shows the infrared (IR) spectrum in the
N—Hstretch region of guanine and cytosine deriva-
tives, both separately and in a mixture. The bandin the
spectrum ofthe G + C mixture thatis not presentin the
spectra of either of its componentsis indicative of a
specific hydrogen bonding interaction between G and
C. Such an association, which can occur between like as

22

The band near 3500 cm’in the observed G + C spectrum
is indicative of a specific hydrogen bonding association
between G and C.(b) G + A. The close match betweenthe
calculated and observed spectra of the G+ A mixture
indicates that G and A do notsignificantly interact.[After
Kyogoku, Y., Lord, R. C., and Rich, A., Science 154, 5109
(1966).]

well as unlike molecules, may be described by ordinary
mass action equations.

== B, = BrBal gtB, + B, BB, K (BIB. [28.1]
From the analyses of IR spectra suchasFig. 28-24,the

values of K for the various base pairs have been deter-
mined. Theself-association constants of the Watson—
Crick bases are given in the top of Table 28-3 (the hy-
drogen bondedassociation of like moleculesis indicate

 

 

Table 28-3

Association Constants for Base Pair Formation

Base Pair K(M"")*

Self-Association

A‘A 3.1

U-U 6.1

c-c 28
G:G 103-10
Watson-Crick Base Pairs

A:U 100 _
G:c 104-105
 

“ Data measured in deuterochloroform at 25°C.
Source: Kyogoku, Y., Lord, R. C., and Rich, A., Biochim
Biophys. Acta 179, 10 (1969).
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appearanceof new IR bandsas the concentration
the moleculeis increased). The bottom of Table 28-3

p the association constants of the Watson -—Crick
irs. Note that each of these latter quantities is larger

pairs:

by the

fists

an theself-association constants of both their compo-
ent bases So that Watson-Crick base pairs preferen-

ally form from their constituents. In contrast, the non-
watson ~ Crick base pairs, A-C, A-G, C-U, and G-U,
whatever their geometries, have association constants
that are negligible comparedwith the self-pairing asso-
ciation constants of their constituents(e.g., Fig. 28-245).
evidently, a second reason that non-Watson—Crick base
irs do not occur in DNA double helices is that they have

velatively little stability. Conversely, the exclusive pres-
ence of Watson—Crick base pairs in DNA results, in
past, from an electronic complementarity matching A
to T and G to C. The theoretical basis of this electronic
complementarity, which is an experimental observa-
ion, is obscure. This is because the approximations in-
herent in presentdaytheoretical treatments make them
unable to accurately accountfor the few kJ -mol™? en-
ergy differences between specific and nonspecific hy-
drogen bonding associations. The double helical seg-
ments of many RNAs, however, contain occasional
non-Watson — Crick base pairs, most often G-U, which
have functional as well as structural significance (e.g.,
Sections 30-2B and D).

Hydrogen Bonds DoNotStabilize DNA
It is clear that hydrogen bonding is required for the

specificity of base pairing in DNAthatis ultimately re-
sponsible for the enormousfidelity required to replicate
DNAwith almost no error (Section 31-3D). Yet, as is
also true for proteins (Section 7-4B), hydrogen bonding
contributes little to the stability of the double helix. For
instance, addingtherelatively nonpolar ethanol to an
aqueous DNAsolution, which strengthens hydrogen
bonds, destabilizes the double helix asis indicated byits
decreased T,,. This is because hydrophobic forces,
which are largely responsible for DNA’s stability (see
Section 28-3D), are disrupted by nonpolar solvents. In
contrast, the hydrogen bonds between the base pairs of
native DNA are replaced in denatured DNA by energetic-
ally more or less equivalent hydrogen bonds between the
bases and water.

D. Base Stacking and Hydrophobic
Nteractions

Purines and pyrimidines tend to form extended stacks of
Planar parallel molecules. This has been observed in the

Ctures of nucleic acids (Figs. 28-5, 8, and 9) and in
© several hundred reported X-ray crystal structures
: Contain nucleic acid bases. The bases in these struc-

In “8 are usually partially overlapped (e.g., Fig. 28-25).
act, crystal structures of chemically related bases
n exhibit similar stacking patterns. Apparently

Chapter 28. Nucleic Acid Structures and Manipulation 811

Figure 28-25
The stacking of adenine rings in the crystal structure of
9-methyladenine. Thepartial overlap of the ringsis typical of
the association between basesin crystal structures and in
double helical nucleic acids. [After Stewart, R. F. and
Jensen, L. H., J. Chem. Phys. 40, 2071 (1964).]

stacking interactions, which in the solid state are a form
of van der Waals interaction (Section 7-4A), have some
specificity althoughcertainly not as much asbase pair-
ing.

Nucleic Acid Bases Stack in AqueousSolution
Bases aggregate in aqueous solution as has been demon-

strated by the variation of osmotic pressure with con-
centration. The van’t Hoff law of osmotic pressure is

n= RTm [28.2]

wherezis the osmotic pressure, m is the molality of the
solute (molsolute/kg solvent), Ris the gas constant, and
T is the temperature. The molecular mass, M,of an ideal
solute can be determined from its osmotic pressure since
M=c/m, where c = g solute/kg solvent.

If the species underinvestigation is of known molecu-
lar mass but aggregates in solution, Eq. [28.2] must be
rewritten:

n= bRTm [28.3]

where @, the osmotic coefficient, indicates the solute’s
degree of association. ¢ varies from 1 (no association) to
0 (infinite association). The variation of @ with m for
nucleic acid bases in aqueoussolution (e.g., Fig. 28-26)is
consistent with a modelin which the bases aggregate in
successive steps:

A+A==A, +A "A, tAS=-+' A,

wherenis at least 5 (if the reaction goes to completion,
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Figure 28-26
The variation of the osmotic coefficient @ with the molal
concentrations m of adenosine derivativesin H,O. The
decrease of ¢ with increasing m indicates that these
derivatives aggregatein solution. [After Broom,A. D.,
Schweizer, M. P., and Ts’o,P. O. P., J. Am. Chem. Soc. 89,
3613 (1967).]

¢ = 1/n). This association cannotbea result of hydro-
gen bonding since NS,N6-dimethyladenosine,

H,C_ Cs

ioeSA
nv

Ribose

NEN6Dimethyladenosine

which cannot form interbase hydrogen bonds, has a
greater degree of association than does adenosine(Fig.
28-26). Apparently the aggregation arises from the forma-
tion of stacks of planar molecules. This modelis corrobor-
ated by proton NMRstudies: The directions of the ag-
gregates’ chemical shifts are compatible with a stacked
but not a hydrogen bonded model. The stacking associa-
tions of monomeric bases are not observed in non-
aqueoussolutions.

Single-stranded polynucleotides also exhibit stacking
interactions. For example, poly(A) shows a broad in-
crease of UV absorbance with temperature (Fig. 28-274).
This hyperchromism is independentof poly(A) concen-
tration so thatit cannot be a consequence of intermolec-
ular aggregation. Likewise,it is not dueto intramolecu-
lar hydrogen bonding because poly(N®,N®-dimethyl A)

24

has a greater degree of hyperchromism ty,
poly(A). The hyperchromism musttherefore = dogg
somesortof stacking associations within a sin, Le from,
that melt out with increasing temperature, The, Strang
very cooperative process as is indicated by thetNot g
ness of the melting curve and the observation th, Toad.
polynucleotides, including dinucleoside phos. Short
such as ApA, exhibit similar melting cury Phates
28-270). “S (Fig,
Nucleic Acid Structures Are Stabilized by
Hydrophobic Forces

Stacking associations in aqueous solutions are Igy,
stabilized by hydrophobic forces. One might reasonet
suppose that hydrophobic interactions in nucleic ie
are similar in character to those that stabilize protein
structures. However, closer examination reveals that
these two typesofinteractionsare qualitatively different
in character. Thermodynamic analysis of dinucleoside
phosphate melting curves in terms of the reaction
Dinucleoside phosphate (unstacked) —

dinucleoside phosphate(stacked)

(Table 28-4) indicates that base stacking is enthalpically
driven and entropically opposed. Thus the hydrophobicin-
teractions responsible for the stability of base stacking asso-
ciations in nucleic acids are diametrically oppositein char-
acter to those that stabilize protein’ structures (which are
enthalpically opposed and entropically driven; Section
7-4C). This is reflected in the differing structural proper-
ties of these interactions. For example, the aromatic side
chains of proteins are almost never stacked and the
crystal structures of aromatic hydrocarbons such as
benzene, which resemblethese side chains, are charac-
teristically devoid of stacking interactions.

Hydrophobic forces in nucleic acids are but poorly un-
derstood. The observationthatthey are different in char-
acter from the hydrophobicforces that stabilize proteins

(a) Poly(A)

LZ.
0 20 40 60 80100 0 20 40 60

Temperature (°C)

(b) ApA

Relativeabsorbanceat258nm
go 100

Figure 28-27The broad temperature range of hyperchromic shifts at
258 nm of(a) poly(A) and (b) Apais indicative of °
noncooperative conformational changes in thesesubstances. Comparethis figure with Fig. 28-15. [After 1
Leng, M. and Felsenfeld, G., J. Mol, Biol. 15, 457 (! 966).
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pine
ApA —22.2 24.9
ApU —35.1 39.9
GpC —32.6 34.9
CpG —20.1 21.2
UpU —32.6 36.2

source: Davis, R. C. and Tinoco,L, Jr., Biopolymers 6, 230 (1968).

is nevertheless not surprising because the nitrogenous
pases are considerably more polar than the hydrocarbon
residues of proteins that participate in hydrophobic
ponding. There is, however, no theory available that
adequately explains the nature of hydrophobicforces in
nucleic acids (our understanding of hydrophobic forces
in proteins,it will be recalled,is similarly incomplete).
They are complex interactions of which base stackingis
probably a significant component. Whatevertheir ori-
gins, hydrophobic forces are of central importancein
determining nucleic acid structures.

E. Ionic Interactions

Any theory of the stability of nucleic acid structures
must take into accountthe electrostatic interactions of

their charged phosphate groups. Unfortunately, the
theory of polyelectrolytesis, as yet, incapable of making
teliable predictions of molecular conformations. We
can, however, make experimental observations.

The melting temperature of duplex DNA increases
with the cation concentration because theseionselec-

tostatically shield the anionic phosphate groups from
fach other. The observedrelationship for Nat is

Tm = 41.1 Xgac + 16.6 logiNat] + 81.5 [28.4]

Xc+cis the mole fraction of G-C basepairs(recall

is at T, increases with the G + C content); the equation
valid in the ranges 0.3 < Xg4c¢ < 0.7 and 10-°M <

ea | . 1.0M. Other monovalent cations such as Li*
Dh K* havesimilar nonspecific interactions with phos-
. groups. Divalent cations, such as Mg?*, Mn?*,
a*, in contrast, specifically bind to phosphate

ie PS so that divalent cations are far more effective
ions ing agents for nucleic acids than are monovalent cat-
Dy, cf example, an Mg?* ion has an influence on the
Nat, touble helix comparable to that of 100 to 1000
ue= Indeed, enzymesthat mediate reactions with
eeor just nucleotides (e.g., ATP) usually re-

8° * for activity.
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4. NUCLEIC ACID

FRACTIONATION 

In Chapter 5 we considered the most commonly used
proceduresfor isolating and, to some extent, character-
izing proteins. Most of these methods, often with some
modification, are also regularly used to fractionate nu-
cleic acids accordingto size, composition, and sequence.
There are also many techniquesthat are applicable only
to nucleic acids. In this section weshall outline some of

the most useful of the separation procedures that are
specific for nucleic acids.

A. Solution Methods

Nucleic acids are invariably associated with proteins.
Oncecells have been broken open (Section 5-1B), the
nucleic acids must be deproteinized. This may be ac-
complished by shaking (very gently if high molecular
mass DNAis being isolated) the protein-nucleic acid
mixture with a phenol solution and/or a CHCI,—
isoamy] alcohol mixture so that the protein precipitates
and can be removedbycentrifugation. Alternatively,
the protein can be dissociated from the nucleic acids by
detergents, guanidinium chloride, or high salt concen-
trations, or it can be enzymatically degraded by pro-
teases such as pronase.In all cases, the nucleic acids, a
mixture of RNA and DNA,canthen beisolated by pre-
cipitation with ethanol. The RNAcan berecovered from
such precipitates by treating them with pancreatic
DNaseto eliminate the DNA. Conversely, the DNA can
be freed of RNA by treatment with RNase. Alterna-
tively, RNA and DNA maybeseparatedbyultracentri-
fugation (Section 28-4D).

In all these and subsequent manipulations, the nu-
cleic acids must be protected from degradation by nu-
cleases that occur both in the experimental materials
and on human hands. Nucleases may be inhibited by
the presence of chelating agents such as EDTA, which
sequesterthe divalent metal ions that nucleases require
for activity. In cases where no nuclease activity can be
tolerated, all glassware mustbe autoclaved to heat de-
nature the nucleases and the experimenter should wear
plastic gloves. Nevertheless, nucleic acids are generally
easier to handle than proteins because their lack of a
tertiary structure, in most cases, makes them relatively
tolerant of extreme conditions.

B. Chromatography

Many of the chromatographic techniques that are
used to separate proteins (Section 5-3) are also applica-
ble to nucleic acids. Paper chromatography and thin
layer chromatography are useful in fractionating oli-
gonucleotides. They have been largely replaced, how-
ever, by the more powerful techniques of HPLC,partic-
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814 Section 28-4. Nucleic Acid Fractionation

ularly those using reverse-phase chromatography.
Larger nucleic acids are often separated by procedures
that include ion exchange chromatographyandgelfil-
tration chromatography.

Hydroxyapatite Binds Double-Stranded DNA More
Tightly Than Single-Stranded DNA

Hydroxyapatite (a form of calcium phosphate; Sec-
tion 5-3E) is particularly useful in the chromatographic
purification and fractionation of DNA. Double-
stranded DNA binds to hydroxyapatite more tightly
than do most other molecules. Consequently DNA can
be rapidly isolated by passing a cell lysate through a
hydroxyapatite column, washing the column with a
phosphate buffer of concentration low enough to re-
lease only the RNA andproteins, and then eluting the
DNAwith a concentrated phosphatesolution.

Single-stranded DNAelutes from hydroxyapatite at a
lower phosphate concentration than does double-
stranded DNA (Fig. 28-28). This phenomenon forms
the basis of a technique, knownas thermal chromatog-
raphy,for separating DNAaccordingto its base compo-
sition. A hydroxyapatite column to which double-
stranded DNA is bound is eluted with a phosphate
buffer that releases only single-stranded DNA while the
temperatureof the columnis gradually increased. As the
DNAmelts andis convertedto the single-stranded form
it is eluted from the column. Since the T,, of a duplex
DNAvaries with its G + C content(Eq. [28.4]), thermal
chromatography permits the fractionation of double-
stranded DNAaccordingto its base composition.

Messenger RNAsCan BeIsolated by
Affinity Chromatography

Affinity chromatographyis usefulin isolating specific
nucleic acids. For example, most eukaryotic messenger
RNAs (mRNAs) have a poly(A) sequence at their 3’
ends(Section 28-4A). They can be isolated on agarose or
cellulose to which poly(U)is covalently attached. The
poly(A) sequences specifically bind to the complemen-
tary poly(U) in high salt and at low temperatures and
can later be released byaltering these conditions. More-
over, if the (partial) sequence of an mRNA is known
(e.g., as deduced from the corresponding protein’s
amino acid sequence), the complementary DNA strand
may be synthesized (via methods discussed in Section
28-7) andusedtoisolate that particular mRNA.

C. Electrophoresis

Nucleic acids of a given type may be separated by
polyacrylamidegel electrophoresis (Sections 5-4B and
C) because their electrophoretic mobilities in such gels
vary inversely with their molecular masses. However,
DNAsof more than a few thousandbase pairs cannot

penetrate even a weakly cross-linked polyacrylamide
gel, This difficulty is partially overcome through the use

A Single-stranded
DNA

{P|(ADRelativeabsorbanceat260nm   
 

0 10 20 30 40
Fraction number

Figure 28-28
The chromatographic separation of single-stranded ang
duplex DNAson hydroxyapatite by elution with a solution of
increasing phosphate concentration.

of agarosegels. By using gels with an appropriately low
agarose content, relatively large DNAs in varioussize
ranges may be fractionated. In this manner, plasmids
(small, autonomously replicating DNA moleculesthat
occur in bacteria and yeast), for example, may be sepa-
rated from the larger chromosomal DNAofbacteria.

Very Large DNAsAre Separated by Pulsed-Field
Gel Electrophoresis

The sizes of the DNAsthat can be separated by
conventional gel electrophoresis are limited to
~ 100,000 bp, even whengels containing aslittle as
0.1% agarose (which makes an extremelyfragile gel) are
used. However, the recent developmentof pulsed-field
gel electrophoresis (PFG) by Charles Cantor and Cas-
sandra Smith has extendedthis limit to DNAswith up to
10 million bp (6.6 million kD). The electrophoresis ap-
paratus used in PFG hastwoor more pairs of electrodes
arrayed aroundtheperiphery of an agarose slab gel. The
different electrode pairs are sequentially pulsed for
times varying from 0.1 to 1000 s dependingon thesl
of the DNAsbeing separated. Gel electrophoresis 0
DNA requires that these elongated molecules worm
their way throughthegel’s labyrinthine channels mote
orless in the direction from the cathodeto the anode.
the directionof the electric field abruptly changes,thes?
DNAsmustreorienttheir long axes along the new direc”
tion of the field before they can continue their passage
through the gel. The time required to reorient very long
gel-embedded DNA molecules evidently increases Wit
their size. Consequently, a judicious choiceofelectt i
distribution and pulse lengths causes shorterDNAS fo
migrate through the gel faster than longer DNAS,
thereby effecting their separation.
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An agarose gel electrophoretogram of double helical DNA.
After electrophoresis, the gel was soakedin a solution of
ethidium bromide, washed, and photographed under UV
light. The fluorescence of the ethidium cation is strongly
enhanced by binding to DNAsothat eachfluorescent band
marks a different sized DNA fragment. The three parallel
lanes contain identical DNA samples so as to demonstrate
the technique’s reproducibility. [Photo by Elizabeth Levine.
From Freifelder, D., Biophysical Chemistry. Applications to
Biochemistry and Molecular Biology (2nd ed.), p. 294, W. H.
Freeman (1982). Used by permission.]

Duplex DNAIs Detected by Selectively StainingIt

The various DNAbandsin a gel mustbe detectedif
they are to be isolated. Double-stranded DNAis readily
stained by planar aromatic cations such as ethidium
ion, acridine orange, or proflavin.

Incubate the

| nitroceliulose-bound
DNAwith 32P-labeled

replica of the gel
electrophoretogram
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Ethidium

Ch(CH3)2N 7 N(CH3)o
H

Acridine orange

eeHN 47
H

Proflavin

NH,

These dyes bind to duplex DNA by intercalation (slip-
ping in between the stacked base pairs) where they ex-
hibit a fluorescence under UV lightthat is far more in-
tense than thatofthe free dye.Aslittle as 50 ng of DNA
may be detected in a gel by staining it with ethidium
bromide (Fig. 28-29). Single-stranded DNA and RNA
also stimulate the fluorescence of ethidium but to a
lesser extent than does duplex DNA.

Southern Blotting Identifies DNAs with
Specific Sequences

DNAwith a specific base sequence may beidentified
through a procedure developed by Edwin Southern
known as the Southern transfer technique or more
colloquially as Southern blotting (Fig. 28-30). This pro-
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Figure 28-31 gradient that varies linearly from ~ 1.80 g-cm-? at the
The separation of DNAs according to base composition by
equilibrium density gradient ultracentrifugation in CsCl
solution. An initially 8M CsCl solution forms a density

cedure takes advantageof the valuable property ofni-
trocellulose that it tenaciously binds single-stranded but
not duplex DNA.Following the gel electrophoresis of
double-stranded DNA,thegel is soaked in 0.5M NaOH
solution, which converts the DNA to the single-
stranded form. The gel is then overlaid by a sheet of
nitrocellulose paper which,in turn, is covered by a thick
layer of paper towels and the entire assembly is com-
pressed by a heavyplate. The liquid in the gelis thereby
forced (blotted) through the nitrocellulose so that the
single-stranded DNAbindsto it at the samepositionit
hadin the gel(the transfer to nitrocellulose can alterna-
tively be accomplished by an electrophoretic process
namedelectroblotting). After vacuum drying the nitro-
cellulose at 80°C, which permanently fixes the DNA in
place, the nitrocellulose sheetis moistened with a mini-
mal quantity of solution containing *?P-labeled single-
stranded DNA or RNAthat is complementary in se-
quence to the DNA of interest (the “‘probe’”). The
moistenedfilter is held at a suitable renaturation tem-

perature for several hours to permit the probe to hy-
bridizeto its target sequence(s), washed to remove the
unboundradioactive probe, dried, and then autoradio-
graphedby placing it for a time over a sheet of X-ray
film. The positions of the molecules that are comple-
mentary to the radioactive sequencesare indicated by a
blackening of the developed film. A DNA segment con-
taining a particular base sequence(e.g., a gene specify-
ing a certain protein) may, in this manner, be detected
and isolated. Specific DNAs may likewise be detected
by linking the probe to an enzymethat generates a col-
ored or fluorescent deposit on the blot. Such non-
radioactive detection techniquesare desirable in a clini-
cal setting because of the health hazards, disposal

28

bottom of the centrifuge tube to ~ 1.55 g-cm~®atthe top.
The amountof DNAin eachfraction is estimated from its
UV absorbance,usually at 260 nm.

problems, and the more cumbersomenature of autora-
diographic methods.

Northern and Western Blotting, Respectively,
Detect RNAsand Proteins

Variations of Southern transfer, which are punningly
called northern transfer (northern blotting) and west-
ern transfer (western blotting), respectively detect spe-
cific RNAsandproteins. In northern blotting, RNAis
immobilized on nitrocellulose paper and detected
through the use of complementary radiolabeled RNAor
DNAprobes.In western blotting, a protein mixture is
bound to nitrocellulose paper and specific proteins
identified by their binding of antibodies raised against
them. Nitrocellulose, however, binds proteins so tena-
ciously that, in some cases, it may interfere with their
immunochemicalidentification. In such cases, the N-

trocellulose paper can be replaced by paper derivatized
with diazobenzyloxymethyl groups, which react with
the proteins’ primary amino groupsso as to covalently
couple them to the paper.

Paper —O— CH,—O— on\
\+
N=N

e =f=a

Diazobenzyloxymethy] group
Protein

Ny

Paper —O— CH,—O— CH,

Protein
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Figure 28-32
The separation of eukaryotic ribosomal RNAsbyrate-zonal
ultracentrifugation through a preformed sucrose density
gradient. The RNAs migrate through the sucrose gradient at
rates that are largely dependent on the molecularsizes.

D. Ultracentrifugation

Equilibrium density gradient ultracentrifugation (Fig.
28-31; Section 5-5B) in CsCl constitutes one of the most
commonly used DNA separation procedures. The
bouyant density, p, of double-stranded Cs*t DNA de-
Pends on its base composition:

p= 1.660 + 0.098 Xcic [28.5]

So that a CsCl density gradient fractionates DNA ac-
cordingto its base composition. For example, eukaryotic

NAsoften contain minor fractions that band sepa-
fately from the major species. Some of these satellite
bands consist of mitochondrial and chloroplast DNAs.
Another importantclassofsatellite DNA is composed of
|Petitive sequencesthat are short segments of DNA
andemly (one behind the other) repeated hundreds,

k Ousands, and in somecases, millions of times in a
Tomosome (Section 33-2B). Likewise, plasmids may

. Separated from bacterial chromosomal DNA by equi-
‘lum density gradient ultracentrifugation.

th,ngle-stranded DNAis ~ 0.015 g-cm~? denser than
t 5esponding double-stranded DNA so that the
Utter be separated by equilibrium density gradient
be senttifugation. RNA is too dense to band in CsCl

does so in Cs,5O, solutions. RNA-DNAhybrids

 

RNAconcentration 
Tube Fraction number Tube

bottom (sedimentation rate) top

will band in CsCl but at a higher density than the corre-
sponding duplex DNA.

RNA maybefractionated by rate-zonal ultracentrifu-
gation through a sucrose gradient (Fig. 28-32; Section
5-5B). RNAsare separated by this technique largely on
the basis of their size. In fact, ribosomal RNA, which

constitutes the major portion of cellular RNA,isclassi-
fied accordingto its sedimentation rate; for example, the
RNAof the E. coli small ribosomal subunit is known as

16S RNA (Section 30-3A).

5. SUPERCOILED DNA 

Thecircular genetic maps of viruses and bacteria im-
plies that their chromosomesare likewisecircular. This
conclusion has been confirmedbyelectron micrographs
in which circular DNAsare seen (Fig. 28-33). Some of
these circular DNAs havea peculiar twisted appear-
ance, a phenomenonthatis known equivalently as su-
percoiling, supertwisting, or superhelicity. Super-
coiling arises from a biologically important topological
property of covalently closed circular duplex DNAthat
is the subjectofthis section.It is occasionally referred to
as DNA’stertiary structure.
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818 Section 28-5. Supercoiled DNA

Figure 28-33
Electron micrographsof circular duplex DNAsthatvary in
their conformations from no supercoiling (left) to tightly

A. Superhelix Topology
Consider a double helical DNA molecule in which

both strands are covalently joined to form a circular
duplex molecule as is diagrammedin Fig. 28-34 (each
strand can only be joinedtoitself because the strands are
antiparallel). A geometric property of such an assemblyis
that its number of coils cannot be altered without first
cleaving at least oneofits polynucleotide strands. You can
easily demonstrate this to yourselfwith a buckledbeltin
which each edgeof the belt represents a strand of DNA.
The numberoftimesthe belt is twisted beforeit is buck-
led cannot be changed without unbuckling or cutting
the belt (cutting a polynucleotide strand).

This phenomenonis mathematically expressed
L=T+W [28.6]

in which:

1. L, the linking number, is the number of times that
one DNAstrand winds aboutthe other. This integer
quantity is most easily counted when the molecule’s
duplex axis is constrainedto lie in a plane(see below).
However, the linking number is invariant no matter
how the circular moleculeis twisted or distorted so long
as both its polynucleotide strands remain covalently in-
tact; the linking numberis therefore a topological prop-
erty of the molecule.

2. T, the twist, is the number of complete revolutions
that one polynucleotide strand makes aboutthe du-
plex axis in the particular conformation under con-
sideration. By convention, T is positive for right-
handed duplex turnsso that, for B-DNAin solution,
the twist is normally the numberofbasepairs divided
by 10.5 (the number of base pairs per turn of the
B-DNAdoublehelix under physiological conditions;
see Section 28-5B).

 
supercoiled(right). [Electron micrographs by Laurien Polder
From Kornberg, A., DNA Replication, p. 29, W. H. Freeman
(1980). Used by permission.]

3. W, the writhing number,is the numberofturnsthat
the duplex axis makes about the superhelix axisin the
conformation ofinterest. If is a measure of the DNA‘s
superhelicity. The difference between writhing and
twistingis illustrated by the familiar examplein Fig,
28-35. W = 0 when DNA’s duplexaxis is constrained
to lie in a plane(e.g., Fig. 28-34); then L = T so that L
may be evaluated by counting the DNA’s duplex
turns.

The two DNAconformations diagrammedontheright
of Fig. 28-36 are topologically equivalent; thatis, they
have the samelinking number, L, but differ in their
twists and writhing numbers. Note that T and W need
not be integers, only L.

Since L is constant in an intact duplex DNAcircle, for

en,

 
 

 Ss

é

On,| bayAge~
Figure 28-34
A schematic diagram of covalently closed circular duplexde
DNAthat has 26 double helical turns. Its two polynucleot!
strands are said to be topologically bonded to each other
because,although they are not covalently linked, they
cannot be separated without breaking covalent bonds.
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Figure 28-35
The difference between writhing and twist as demonstrated
by a coiled telephonecord.In its relaxed state (left), the cord
is in a helical form that has a large writhing number and a
small twist. As the coil is pulled out (middle) until it is nearly
straight(right), its writhing number becomessmall as its
twist beeomeslarge.

every new doublehelical twist, AT, there must be an equal
and opposite superhelical twist; that is, AW = — AT.For
example, a closed circular DNA without supercoils (Fig.
28-36, upper right) can be converted to a negatively su-
percoiled conformation (Fig. 28-36, lower right) by
winding the duplex helix the same numberof positive
(right handed) turns.

Supercoils May Be Toroidal or Interwound
A supercoiled duplex may assume twotopologically

equivalent forms:

1. A toroidalhelix in which the duplex axis is wound as
if about a cylinder (Fig. 28-372).

2. An interwoundhelix-in which the duplex axis is
twisted arounditself (Fig. 28-375).

Note that these two interconvertible superhelical forms
have opposite handedness. Since left-handed toroidal
turns may be converted to left-handed duplex turns(see
Fig, 28-35), left-handed toroidal turns and right-handed

Closecircle  
Equivalent
topologically

 
without breaking any covalent bonds. Thelinking numberL,
twist 7, and writhing numberW are indicated for each form.
Strictly speaking, the linking numberis only defined for a
covalently closedcircle.
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(a) Toroidal

Figure 28-37
A rubbertube that has been(a) toroidally coiled around a
cylinder with its ends joined such thatit has no twist, jumps
to (b) an interwoundhelix with the opposite handedness
when the cylinder is removed. Neither the linking number,
twist, nor writhing numberare changedin this transformation.

DNA
sedimentation

velocity  
Figure 28-38
The sedimentation rate of closed circular duplex DNA as a

 

Ethidium bromide concentration TY

function of ethidium bromide concentration. The intercalation
of ethidium betweenthe basepairs locally unwinds the
double helix which, since the linking numberofthe circle is
constant, is accompanied by an equivalent increasein the
writhing number. As the superhelix unwinds,it becomes less
compact and sediments more slowly. At the low point on the

32

interwound turns both have negative writhin,
bers. Thus an underwound duplex (T < nue
bp/10.5), for example, will tend to develo <r of
handed interwoundorleft-handedtoroidal superh, Bht.
turns whenthe constraints causingit to be unde Clicay’
are released (the molecular forces ina DNA doub| Ound
promote its windingtoits normal numberof phelix
turns). elica]

Supercoiled DNA Is Relaxed by Nicking One Str
Supercoiled DNA maybe convertedto relaxega

cles (as appears in the left-most panelof Fig. 28-33)L,
treatment with pancreatic DNaseI, an endonucle
(an enzymethat cleaves phosphodiester bonds within
polynucleotide strand), which cleaves only one stray a
of a duplex DNA. One single-strand nick is sufficient4
relax a supercoiled DNA. This is because the sugar
phosphate chain opposite the nickis free to swivel about
its backbone bonds(Fig. 28-18) so as to changethe mol-

ecule’s linking numberand thereby alter its superhelj-
city. Supercoiling builds\up elastic strain in a DNAcir-
cle, muchasit does in a rubber band. This is whythe
relaxed state of a DNA citele is not supercoiled.

curve, the DNAcircles have boundsufficient ethidiun’ to
becomefully relaxed. As the ethidium concentration !S
further increased, the DNA supercoils in the opposite d
direction. The supertwisted appearancesof the depicte
DNAshavebeenverified by electron microscopy- [After
Bauer, W.R., Crick, F. H. C., and White, J. H., Sci. Am.
243(1): 129 (1980). Copyright © 1980 by Scientific
American, Inc.]
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Figure 28-39
The X-ray structure of a complexof ethidium with 5-iodo
UpA. Ethidium (red) intercalates between the base pairs of
the double helically paired dinucleoside phosphate and

B. Measurements of Supercoiling

Supercoiled DNA,far from being just a mathematical
curiosity, has been widely observed in nature.In fact,its
discovery in polyoma virus DNA byJerome Vinograd
stimulated the elucidation of the topological properties
of superhelices rather than vice versa.

Intercalating Agents Control Supercoiling by
Unwinding DNA

All naturally occurring DNA circles are underwound;
that is, their linking numbersare less than thoseoftheir
Corresponding relaxed circles. This phenomenon has
been established by observing the effect of ethidium
binding on the sedimentationrate of circular DNA(Fig.
28-38), Intercalating agents suchas ethidiumaltera cir-
cular DNA’s degree of superhelicity because they cause
i DNAdoublehelix to unwind by ~ 26° atthesite of

© intercalated molecule (Fig. 28-39). W<0 in an
"Nconstrained underwoundcircle because of the tend-
“Icy of a duplex DNA to maintain its normaltwist of
‘urn/10.5 bp. Thetitration of a DNA circle by ethi-
_unwinds the duplex (decreases T), which must be

“ompanied by a compensatingincrease in W.This,at
"st, lessens the superhelicity of an underwoundcircle.
°wever, as the circle binds more and more ethidium,

Chapter 28. Nucleic Acid Structures and Manipulation 821

thereby provides a model for the binding of ethidium to
duplex DNA.[After Tsai, C.-C., Jain, S. C., and Sobell, H.
M., Proc. Natl. Acad. Sci. 72, 629 (1975).]

its value of W passes through zero (relaxed circles) and
then becomespositive so that the circle again becomes
superhelical. Thus the sedimentation rate of under-
wound DNAs,which is a measureof their compactness
and therefore their superhelicity, passes through a min-
imum as the ethidium concentration increases. This is

whatis observed with native DNAs(Fig. 28-38). In con-
trast, the sedimentation rate of an overwoundcircle

would only increase with increasing ethidium concen-
tration.

DNAsAreSeparated According to Their Linking
Numberby Gel Electrophoresis

Gel electrophoresis also separates similar molecules
on the basis of their compactness so that the rate of
migration of a circular duplex DNAincreases with its
degree of superhelicity. The agarose gel electrophoresis
pattern of a population of chemically identical DNA
molecules with different linking numbers therefore
consists of a series of discrete bands (Fig. 28-40). The
molecules in a given band all have the samelinking
number and differ from those in adjacent bands by
AL= +1.

Comparison of the electrophoretic band patterns of
simian virus 40 (SV40) DNA that had been enzymatic-
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Figure 28-40
The agarose gel electrophoresis pattern of SV40 DNA. Lane
1 contains the negatively supercoiled native DNA (lower
band). In lanes 2 and 3, the DNA has been exposed for 5
and 30 min, respectively, to an enzyme, knownas a Type|
topoisomerase (Section 28-5C), that relaxes the supercoils
one at a time. Neighboring bands contain DNAsthat differ by
AL = +1. [From Keller, W., Proc. Natl. Acad. Sci. 72, 2553
(1975).]

ally relaxed to varying degrees and then resealed (Fig.
28-40) reveals that 26 bandsseparate native from fully
relaxed SV40 DNAs. Native SV40 DNAtherefore has

= — 26 (although it is somewhat heterogeneous in
this quantity). Since SV40 DNAconsists of 5243 bp,it
has 1 superhelical turn per ~ 19 duplex turns. Such a
superhelix density is typical of circular DNAs from
various biological sources.

DNAin Physiological Solution Has 10.5 Base Pairs
Per Turn

The insertion, using genetic engineering techniques
(Section 28-8B), of an additional x basepairs into a su-
perhelical DNA will increase its linking number by
x/h°, where h° is the number of base pairs per duplex
turn. Such an insertion will shift the position of a band
in the DNA’s gel electrophoretic pattern by x/h° of the
distanceto the preceding band. By measuring the effects
of several such insertions James Wangestablished that
h° = 10.5 + 0.1 bp for B-DNAin solution under physi-
ological conditions.

C. Topoisomerases

The normal biological functioning of DNA occursa
it is in the proper topologicalstate. In such basic bioloc:
processes as RNA transcription, DNA replication”
genetic recombination, the recognition of a base
quencerequires thelocal separation of complement Se-
polynucleotide strands. The negative supercoil, :
naturally occurring DNAsresults in a torsiona} str of
that promotes such separationssinceit tends to unwine
the duplex helix (an increase in W must be accompanicy
by a decreasein T). If DNA lacks the proper superhelicgs
fension, the above vital processes occur quite slowly, if atall.

The supercoiling of DNA is controlled by a remarkable
group of enzymes known as topoisomerases. Theyareso
namedbecausetheyalter the topological state (linking

 

 
(b)

Duplex DNA Duplex oN
(nm turns) (n-1 tum

Figure 28-41
By cutting a single-stranded DNA,passing a loopof it
through the break and then resealing the break, TYPE
topoisomerase can (a) catenate two single-stranded circ
or (b) unwind duplex DNA by one turn.
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umber) of circular DNA but notits covalentstructure.

ghere are two classes of topoisomerases:
Type I topoisomerasesact by creating transientsin-

: gle-strand breaks in DNA.
Type Il topoisomerases act by making transient

" gouble-strand breaks in DNA‘

 

 

 type I Topoisomerases Incr¢mentally Relax
supercoiled DNA

Type I topoisomerases/ which are also known as
nicking - closing enzymes, are monomeric proteins of
100 to 120 kD that afe widespread in both prokaryotes
and eukaryotes. They catalyze the relaxation of negative
supercoils in DNA byincreasingits linking numberin in-
crements of one turn. The exposure ofa negatively super-
coiled DNAto nicking~ closing enzymesequentially in-
creases its linking numberuntil the supercoil is entirely
relaxed. A clue to the mechanism ofaction of this en-
zyme was provided by the observation thatit reversibly
catenates (interlinks) single-stranded circles (Fig.
28-414). Apparently the enzyme operates by cutting a
single strand, passing a single-strand loop through the
resulting gap, and then resealing the break (Fig. 28-41)
thereby twisting double helical DNA by oneturn. In
supportof this hypothesis, the denaturation of prokary-
otic nicking- closing enzyme that has been incubated
with single-stranded circular DNA yields a linear DNA
that has its 5’-terminal phosphoryl group linked to the
enzymevia a phosphotyrosinediester linkage.

Type I topoisomerase
CH,

Tyr

0
|

O—P—O—-CH Base
i 2-0
0 H H

H H

pm Ue
O—P—0+0P—0CHa 0. Base

oO oO H #H
DNA H H

OH H

Denatured eukaryotic nicking — closing enzymesare in-
Stead linked to the 3’ end of DNA ina like manner. By
orming such covalent enzyme-DNAintermediates,thefree

“nergy of the cleaved phosphodiester bondis preserved so
at no energy input is required to reseal the nick.

Ty: Pe If Topoisomerases Supercoil DNAat the
pense of ATP Hydrolysis

tokaryotic Type II topoisomerases, which are also
Nown as DNA gyrases, are ~400-kD proteins that

Chapter 28. Nucleic Acid Structures and Manipulation 823

consist of two pairs of subunits designated A and B.
These enzymes catalyze the stepwise negative supercoiling
of DNA with the concomitant hydrolysis of an ATP to
ADP + P;. In the absence of ATP, DNAgyraserelaxes
negatively supercoiled DNA butata relatively slowrate.
It can also tie knots in double-strandedcircles as well as

catenate them. Eukaryotic TypeII topoisomerases only
relax supercoils; they neither generate them nor hydro-
lyze ATP. DNAsupercoiling in eukaryotes is generated
somewhatdifferently (Section 33-1B).

Prokaryotic DNAgyrasesarespecifically inhibited by
twoclasses of antibiotic. One of these classes includes

the Streptomyces derived novobiocin andthe other con-
tains the clinically useful antibacterial agent oxolinic
acid.

HC cH CH; H,C. CH,3 O

0 00 oO OH |
CH; Z
H H N—C

H H Ho H
? OH
mo

H,N
Novobiocin

0

rfOCOL ye
CH,—CH,

Oxolinic acid

Both classesof antibiotic profoundly inhibit bacterial DNA
replication and RNA transcription thereby demonstrating
the importance of supercoiled DNA in these processes.
Studies using antibiotic resistant E. coli mutants demon-
strated that oxolinic acid associates with DNA gyrase’sA
subunit and novobiocin bindsto its B subunit.

The gel electrophoretic pattern of duplex circles that
have been exposed to DNA gyrase, with or without
ATP, show a bandpattern in whichthe linking numbers
differ by increments of two rather than one as occurs
with nicking—closing enzymes. This observation is
strong evidence that DNA gyrase acts by cutting both
strands of a duplex, passing the duplex through the break
andresealing it (Fig. 28-42). This hypothesis is corrobor-
ated by the observation that when DNAgyraseis incu-
bated with DNA and oxolinic acid, and subsequently
denatured with guanidinium chloride, its A subunits
remain covalently linked to the 5’ ends of both cut
strands through phosphotyrosine linkages. Apparently
oxolinic acid interferes with gyrase action by blocking
the strand breaking-rejoining process. Novobiocin, on
the other hand, prevents ATP from binding to the en-
zyme.
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Figure 28-42
A demonstration, in which DNAis represented by a ribbon,
that cutting a duplex circle, passing the strand through the
resulting gap, and then resealing the break changes the
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Separate
duplex
strands

lengthwise 
linking number by two. Separating the resulting strands
(slitting the ribbon along its length; right), indicates that one
strand makes two complete revolutions about the other.

The exposure of a gyrase- DNA complex to Staphylo.
coccal nuclease protects the DNA from nuclease degra-
dation in a 140 bp fragmentthatis roughly centered on
the gyrase cleavage site. The length of this protecteq
fragmentsuggests that the DNAis wrappedaroundthe
enzyme. This observation led Nicholas Cozzarelli to
propose the mechanism of gyrase~DNAaction dia-
grammedin Fig. 28-43. It is named the sign inversion
mechanism becauseit converts a right-handedtoroidal
supercoil to a left-handed toroidal supercoil.

6. NUCLEIC ACID SEQUENCING

Thebasicstrategy of nucleic acid sequencingis iden-
tical to that of protein sequencing (Section 6-1). It in-
volves:

1. The specific degradation and fractionation of the
polynucleotideof interest to fragments small enough
to be fully sequenced.

2. The sequencingof the individual fragments.

3. The ordering of the fragments by repeating the pre-
ceding steps using a degradation procedure that
yields a set of polynucleotide fragments that overlap
the cleavage pointsin thefirst such set.

Before about 1975, however, nucleic acid sequencing
techniques lagged far behind those of protein sequenc-
ing largely because there were no available endonucle-

Figure 28-43
Thesign inversion mechanism of DNA gyrase action. The
duplex DNAisinitially wrapped about the enzyme in 2
right-handedtoroidal coil (1). The enzyme then makes a
double-strand scission in the DNA (2), passes a DNA 5)segmentthroughthe gap (3, 4), and reseals the break ( os
This changes the handednessofthe coil to the left-hand
form so that the DNA's linking numberL is decreased by “
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ases that were specific for sequences greater than a nu-
deotide. Rather, nucleic acids were cleaved into
yelatively short fragments by partial digestion with en-
zymes such as ribonuclease T1 (from Aspergillus ory-
zae), which cleaves RNAafter guanine residues, or pan-
creatic ribonuclease A, which doesso after pyrimidine
residues. Moreover, there is no reliable polynucleotide
reaction analogousto the Edman degradation for pro-
teins (Section 6-1A). Consequently, the polynucleotide
fragments were sequenced by their partial digestion
with either of two exonucleases (enzymesthat sequen-
tially cleave nucleotides from the end of a polynucleo-
tide strand): snake venom phosphodiesterase, which
removesresidues from the 3’ end of polynucleotides
(Fig. 28-44), or spleen phosphodiesterase, which does
so from the 5’ end. Theresulting oligonucleotide frag-
ments were identified from their chromatographic and
electrophoretic mobilities. Sequencing RNA in this
manneris a lengthy and painstaking procedure.

Thefirst biologically significant nucleic acid to be se-
quenced was that of yeast alanine tRNA (Section
30-2A). The sequencing of this 76-nucleotide molecule
by Robert Holley, a labor of 7 years, was completed in
1965, some 12 years after Frederick Sanger had deter-
mined the amino acid sequence of insulin. This was
followed, at an accelerating pace, by the sequencing of
>300 species of tRNAs and the 5S ribosomal RNAs
(Section 30-3A) from several organisms. Theart of RNA
sequencing by these techniques reached its zenith in
1976 with the sequencing, by Walter Fiers, of the entire
3569 nucleotide genomeof the bacteriophage MS2.In
comparison, DNA sequencing wasin a far more primi-
tive state becauseofthe lack of available DNA endonu-

cleases with any sequencespecificity.
Since 1975 there has been dramatic progress in nu-

cleic acid sequencing technology. This has been made
possible by three advances:

1. The discovery of restriction endonucleases, en-
zymesthat cleave duplex DNAatspecific sequences.

2. The development of DNA sequencing techniques.

- The development of molecular cloning techniques
(Section 28-8), which permit the acquisition of any
identifiable DNA segment in the amounts required
for sequencing. Their use is necessary because most
Specific DNA sequences are normally present in a
8enomein only a single copy.

These proceduresare largely responsible for the present
‘evolution’ in molecular biology that is discussed in

Succeeding chapters. The useofrestriction endonucle-
Ses and DNA sequencingtechniques are the subject of

1S Section.

a ‘he pace of nucleic acid sequencing has become so
prt that directly determining a protein’s amino acid

{ence is far more difficult than determining the base

Chapter 28. Nucleic Acid Structures and Manipulation 825

GCACUUGA
snake venom

phosphodiesterase

GCACUUGA
GCACUUG
GCACUU
GCACU
GCAC
GCA
GC + Mononucleotides

Figure 28-44
The sequence determination of an oligonucleotide by partial
digestion with snake venom phosphodiesterase. This
enzyme sequentially cleaves the nucleotides from the 3’ end
of a polynucleotide that has a free 3’-OH group. Partial
digestion of anoligonucleotide with snake venom
phosphodiesterase yields a mixture of fragments of all
lengths, as indicated, that may be chromatographically
separated. Comparison of the base compositions of pairs of
fragments thatdiffer in length by one nucleotide establishes
the identity of the 3’-terminal nucleotide of the larger
fragment. In this way the base sequenceof the
oligonucleotide may be elucidated.

sequence of its corresponding gene (although amino
acid and base sequences provide complementary infor-
mation; Section 6-1K). There has been such a flood of
new DNA sequences—so far ~40 million bases and
increasing at the rate of 10 million bases per year — that
only computers can keep track of them. A recent high
point in the sequencer’s art was the determinationofthe
entire 172,282 bp sequence of Epstein-Barr virus
(human herpesvirus) DNA. Indeed, preparations are
under way to sequence the 2.9 billion bp human ge-
nome(although the magnitude of this project is such
thatif the DNA sequencing rate canbe increased,asit is
hoped, to 1 million bp/day, the project will still take
nearly 10 years to complete).

A. Restriction Endonucleases

Bacteriophages that propagate efficiently on one bac-
terial strain, such as E. coli K12, have a very lowrate of
infection (~ 0.001%)in a related bacterial strain such as
E. coli B. However, the few viral progeny of this latter
infection propagate efficiently in the new host but only
poorly in the original host. Whatis the molecular basis
of this host-specific modification system? Werner
Arber showedthatit results from a restriction-modifi-
cation system in the bacterial host that consists of a
restriction endonuclease and a matched modification

methylase. Therestriction endonuclease recognizes a spe-
cific base sequenceoffour to eight bases in double-stranded
DNA and cleaves both strandsof the duplex. The modifica-
tion methylase methylates a specific base (usually at the
amino group of an adenineresidueor the 5-position of a
cytosine) in the same base sequence recognized by the
restriction enzyme. The restriction enzyme does not
cleave such a modified DNA.A newlyreplicated strand
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of bacterial DNA, which is protected from degradation
by the methylated parent strand with which it forms a
duplex, is modified before the next cycle of replication.
The restriction-modification system is therefore thoughtto
protect the bacterium against invasion by foreign (usually
viral) DNAs which, once they have been cleaved by a
restriction endonuclease, are further degraded by bacte-
rial exonucleases. Invading DNAsare only rarely modi-
fied before being attacked byrestriction enzymes. Once
a viral genome becomes modified, however,it is able to
reproducein its new host. Its progeny, however, are no
longer modified in the way that permits them to propa-
gate in the original host.

There are three knowntypesofrestriction endonucle-
ases. Type Land TypeIII restriction enzymeseach carry
both the endonuclease and the methylase activity on a_
single protein molecule. Type I restriction enzymes
cleave the DNAat a possibly randomsite located at least
1000 bp from the recognition sequence, whereas Type
III enzymes do so 24 to 26 bp distant from the recogni-
tion sequence. However, Type II restriction enzymes,
which were discovered and characterized by Hamilton

Table 28-5

Recognition and Cleavage Sites of Some TypeII
Restriction Enzymes

 
Recognition

Enzyme Sequence‘ Microorganism

Alul AGI|CT Arthrobacter luteus

BamHI G|GATC*C Bacillus amyloliquefaciens H
Bgll GCCNNNNI Bacillus globigii

NGCC

Bell A\GATCT Bacillus globigii
EcoRI G|AA*TTC Escherichia coli RY13

EcoRI ico(4)cc Escherichia coli R245
FauDI GG|Ccc Fusobacterium nucleatum D

Haell PuGCGC|Py Haemophilus aegyptius
Haelll GG|C*c Haemophilus aegyptius
HindIi A*|AGCTT Haemophilus influenzae Rg
Hpall ClC*GG Haemophilus parainfluenzae
Pst] CTGCAJG Providencia stuartii 164

Sall GJTCGAC Streptomyces albus G
Taq] TICGA* Thermus aquaticus
Xhol CITCGAG Xanthomonasholcicola 

* The recognition sequence is abbreviated so that only one strand,
reading 5’ to 3’, is given. The cleavage site is represented by an
arrow (1) andthe modified base, whereit is known,is indicated by
an asterisk (A* is N°-methyladenine and 'C*is 5-methylcytosine).
Pu, Py, and N represent purine nucleotide, pyrimidine nucleotide,
and any nucleotide, respectively.

Source: Roberts, R. J., Methods Enzymol. 68, 27-41 (1979).
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Smith and Daniel Nathansin the late 1960s, are 5
rate entities from their corresponding mo,dif
methylases. They cleave DNAsatspecific sites Within n
recognition sequence, a property that makes TypeII yo, the
tion enzymesindispensible biochemicaltools for Dy‘A Me.
nipulation. In the remainder of this section we disen
only Type II restriction enzymes. uss

Over 500 species of TypeII restriction enzymes With
> 100 differing specificities and from a variety of bacte
ria have been characterized. Severalof the more widel -
used species are listed in Table 28-5. A restriction endo.
nuclease is namedbythefirst letter of the genus o¢ the
bacterium that producedit andthefirst twoletters o¢ its
species, followed byits serotypeor strain designation, if
any, and a roman numeral if the bacterium contains
more than onetypeof restriction enzyme. For example
EcoRIis produced by E.coli strain RY13. ‘

Most Restriction Endonucleases Recognize
Palindromic DNA Sequences

Most restriction enzyme recognition sites possess
exact twofold rotational symmetry as is diagrammedin
Fig. 28-45. Such sequences are knownas palindromes,

A palindromeis a word, verse, or sentencethat reads
the same backwardsor forwards. Two examples are
“Madam, I’m Adam”and “Sex at noon taxes.”

Manyrestriction enzymes, such as EcoRI(Fig. 28-45a),
catalyze the cleavage of the two DNAstrandsatposi-
tions that are symmetrically staggered about the center
of the palindromic recognition sequence. This yields
restriction fragments with complementary single-
stranded endsthat are from oneto four nucleotidesin

length. Restriction fragments with such cohesive or
sticky ends can associate by complementary basepair-
ing with other restriction fragments generated by the

(a) EcoRI

5'— 6A S=s—tTes3 «5 AG E7?
eeboattaroe es.

JOST 1 TATA eeS| (3TaCopan ©

| |

© Twofold symmetry axis

(6) Alul

| Cleavage site

Figure 28-45
The recognition sequencesof the restriction endonucleases
(a) EcoRI and(b) Alul showing their twofold (palindromic)
symmetry andindicating their cleavagesites.
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ame restriction enzyme. Somerestriction cuts, such as
that of Alul (Fig. 28-45), pass through the twofold axis
of the palindrometo yield restriction fragments with
fully base paired bluntends. Since a given base has a
one fourth probability of occurring at any nucleotide

osition (assuming the DNAhasequalproportionsofall
pases), @ restriction enzyme with an n-base pair recogni-
tion site produces restriction fragments that are, on
average, 4” base pairs long. Thus Alul (4 bp recognition
sequence) and EcoRI (6 bp recognition sequence)restric-
tion fragments should average 44=256 and 4°=
4096 bp in length, respectively.

The X-Ray Structure of the EcoRI: DNA Complex
Reveals the Molecular Basis of Its Recognition
Specificity

The X-ray structure of EcoRI endonucleasein complex
with a segment of B-DNAcontaining the enzyme’srec-
ognition site was determined by John Rosenberg. The
DNAbindsin the twofold symmetric cleft between the
two identical 276-residue subunits of the dimeric en-
zyme (Fig. 28-46) thereby accounting for the DNA’s
palindromic recognition sequence. Theprotein induces
the DNA to kink in three places in a manner that par-
tially unwinds the DNAsoasto widen the major groove
at the recognition site. Recognition specificity is pro-
vided by a tight complementaryassociation of the pro-
tein with the major groove of the DNA involving 12
hydrogen bonds between the side chains of Glu 144,
Arg 145, and Arg 200 on bothprotein subunits and the
purine basesof the palindromic recognitionsite.

(a)

Figure 28-46
me X-ray structure of the EcoRI endonuclease -DNA
Omplex. (a) Space-filling model showing the duplex DNA
=to the dimeric protein as viewed along the complex’s
orpod axis of symmetry. The two subunits of the dimeric
ide €in are shownin yellow and orange while the DNA’s

: Ntical strands are shown in green and blue. (b) Ribbon
&wing of one EcoRI endonuclease subunit interacting with
© DNA’s major groove. The view is ~ 90° away from that
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Figure 28-47
Agarosegelelectrophoretogramsofrestriction digests of
Agrobacterium radiobacter plasmid pAgK84with (A) Bam HI,
(B) Pst|, (C) Bgflt, (D) Haelll, (E) Hin cil, (F) Sacl, (G) Xbal,
and (H) Hpal. Lane(I) contains A phage DNAdigested with
Hin dIll as a standard since these fragments have known
sizes. [From Slota, J. E. and Farrand,S. F., Plasmid 8, 180 ve
(1982). Copyright © 1982 by Academic Press.]

Restriction Maps Provide a Meansof
Characterizing a DNA Molecule

The treatment of DNA with a restriction endonucle-

ase producesa series of precisely defined fragmentsthat "
can beseparated accordingto size by gel electrophoresis
(Fig. 28-47). Complementarysingle strands can besepa-

in Part (a). (c) A skeletal model of the complex as viewed
down the DNA’s helical axis showing the protein’s
polypeptide backbone and the DNA’s nonhydrogen atoms.
The two protein subunits are drawnin yellow and pink while
the DNAis drawnin blue. [Parts (a) and (c) Courtesy of John
M. Rosenberg, University of Pittsburgh. Part (b) after
Rosenberg, J. M., McClarin, J. A., Frederick, C. A., Wang,
B.-C., Grable, J., Boyer, H. W., and Greene, P., Trends
Biochem. Sci. 12, 396 (1987).]
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rated either by melting the DNA andsubjectingit to gel
electrophoresis, or by density gradient ultracentrifuga-
tion in alkaline CsCl. The single strands can be se-
quenced by one of the methods described below.If a
DNAsegmentis too long to sequence,it may be further
fragmented with a second, etc., restriction enzyme be-
fore its strands are separated.

A diagram of a DNA molecule showingtherelative
positions of the cleavage sites of variousrestriction en-
zymes is knownasits restriction map. Such a mapis
generated by subjecting the DNAto digestion with two
or morerestriction enzymes, both individually and in
mixtures. By comparing the lengths of the fragments in
the various digests, as determined, for instance, by their
electrophoretic mobilities, a restriction map can be con-
structed. For example, consider the 4-kilobase pair (kb)
linear DNA molecule that BamHI, HindIII, and their

mixture cut to fragments of the lengthsindicatedin Fig.
28-48a. This informationis sufficient to deduce the po-
sitions of the restriction sites in the intact DNA and

hence to construct the restriction map diagrammedin
Fig. 28-48b. The restriction map of the SV40 chromo-
some is shownin Fig. 28-49. Therestriction sites are
physical reference points on a DNA molecule that are
easily located. Restriction maps therefore constitute a con-
venient frameworkfor locating particular base sequences on

  

(a) Hindll

Hindlll BamH{

2.8 kb =n

1.8 kb sin1.3 kb somes

1.0 kb « : 1.3 kb —
0.9 kb 4 0.9 kb mz

12h» =
——

03k) —

 

(0) Hindi

BamHI | BamHI| |

0 1.8 28 31 Os
|<——— 1.8——+«1.0+|+|— 0.9 5]0.3

Figure 28-48
(a) The gel electrophoretic patterns of digests of a
hypothetical DNA molecule with Hindlll, BamHI, and their
mixtures. The lengths of the various fragments are indicated.
(b) The restriction map of the DNA resulting from the
information in Part (a). This map is equivalent to one that
has been reversed,right to left.

Figure 28-49 ieculat
A restriction mapfor the 5243 bp crcla

-DNA of SV40. The centralcircle indica
the fractional map coordinates with cite.
respect to the single Ecofl restriction
Theletters A,B,C, . . . in each ring
representthe variousrestriction frag
of the correspondingrestriction enzy
order of decreasing length. [After 9)]Nathans, D., Science 206, 905 (1979):

ments
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Allele I Allele IT

DNA has DNA hasonly
3 target sites

4 2 3

pAPRION Wr
|<A——>|+B >|

Cleave with

restriction enzyme
and electrophorese

 

Fragment C has
same size as

— ara A + B combined

Figure 28-50

1

|<—_——_ c ———+|

2 of the target sites
3

-— C

A mutational changethat affects a restriction site ina DNA segmentalters
the numberand sizesofits restriction fragments.

a chromosome and for estimating the degree of difference
between related chromosomes.

Restriction-Fragment Length Polymorphisms
Provide Markers for Characterizing Genes

Individuality in humans and other species derives
from their high degree of genetic polymorphism; ho-
mologous human chromosomesdiffer in sequence, on
average, every 200 to 500 bp. These genetic differences
create or eliminate restriction sites. Restriction enzyme
digests of the corresponding segments from homolo-
gous chromosomes therefore contain fragments with
different lengths; that is, these DNAs exhibit restric-
tion-fragment length polymorphisms (RFLPs; Fig.
28-50).

RFLPs are useful markers for identifying chromo-
somal differences (Fig. 28-51). They are particularly
valuable for diagnosinginherited diseases for which the
molecular defect is unknown.If a particular RFLP is so
closely linked to a defective gene that there is little
chance the two will recombine from generation to gen-
eration (recall that the probability of recombination be-
tween two genes increases with their physical separa-
ton on a chromosome; Section 27-1C), then the
detection of that RFLPin an individualis indicative that
the individual hasalso inherited the defective gene. For
*xample, Huntington’s chorea, a progressive and in-
Variably fatal neurological deterioration, whose symp-
Omsfirst appear around age 40,is caused by a dominant
ut unknown genetic defect. The identification of an
FLPthatis closely linked to the defective Huntington’s

ene has permitted the children of Huntington's chorea
Es (50% of whom inherit this devastating condi-
°n) to make informed decisions in orderingtheirlives.

By the same token, the identification of RFLPs asso-
ciated with the genetic defects causing cystic fibrosis (a
debilitating and often fatal autosomalrecessive disease;
heterozygotes, who comprise 5%of the Caucasian pop-
ulation, are asymptomatic), and Duchenne muscular
dystrophy(an X-linked degenerative disease of muscle
thatis invariably fatal by around age 25) have permitted

Pedigree and genotypes

" os {_]c BB

Fa

 

 
 
oO BSET

AB AB BC BC BC AB

Alleles

 
A —

B a

Figure 28-51
RFLPsare inherited according to the rules of Mendelian
genetics. Fouralleles of a particular gene, each ,
characterized by different restriction markers, can occurin
all possible pairwise combinations and segregate
independently in each generation (circles represent females _
and squares represent males). In the P (parental) generation,
twoindividuals are heterozygous (CD and BD) andthe other
two are homozygous(AA and BB)for the gene in question.
Their children, the F, generation, are AC and BB.
Consequently, every individual in the F, generation
(grandchildren)inherited either an A or a C from their mother
and aBfrom their father. [Courtesy of Ray White, University
of Utah Medical School.]
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the in utero diagnoses of these diseases. (Note that the
availability of fetal testing has actually increased the
numberof births because many couples who knew they
had a high risk of conceiving a genetically defective

  
   

B. Chemical Cleavage Method

After 1975, several methods were developedrapid sequencing of long stretches of DNA. for the
] : Wo of

| child previously chose not to have children.) themtneoesbees mee of Allan May
Ili] RFLPsarealso valuable markersforisolating and thus and Wa ‘ 1 re ( e : kS ),an ‘ e chain-termina.
\ sequencing their closely linked but unknowngenes.In- orproce sored. h Tederic ‘doce (the same Individual

| deed, thefirst phase in sequencing the human genome, "9 aclus 1 dare- Sequencing of Proteins)
whichis already well underway,is to identify aseriesof  97© WIE y DN we are aeteee for the Vast
~ 100 equally spaced markers on each of the 23 human number o ; N sequencesthat ave been elucidateg
chromosomes. In the remainderof this section, we discuss the chemical

(a) CHs

HN | \ 5 HN i »)I

> NY N CH;-O—S—O—CH, > HNN N
O ll O

| ° |

-9o— P —O—CH, 0 Dimethyl sulfate (DMS) —o—i—O— CH, oO
0 H H 0 H H

H H H H

O #F ° H|

-o— 7 =O ~O— P =O
oO O

DNA O CH
OH™ HN N.

we,H,N Nw N
: : 7-Methylguanine
: N :

14 Hg
OTP0~CH, OH Piperidine O-P—0—CH, OHnt _

oO Cc H 4H CH=N O H H CH=0
H = H H H

o~ H H,0 oH
| f ~O-P=0 O-P=0

O

°
Pri -O—P—O + CH;

i | 20

Cleaved DNA

Figure 28-52
Thereactions usedin the chemical cleavage method to NAcleave DNAatspecific bases. (a) Reactions that cleave D
before G residues. Both A and G residuesare cleaved if
these basesare protonated rather than methylated. (b) Tt
(opposite) Reactions that cleave DNA before C residues.
residues react similarly but their reaction is suppressed In
1.5M NaCl.

 



43

0

e DNA
1 if
)
es. T
din

 
yage and chain-terminator methods as well as

erhods for sequencing RNA.
e Endof the DNAMustBe Radioactively Labeled

The first step in the chemical cleavage methodis to
diooactively label one endof the DNA,usually the 5’

. d, with 32P_ If the DNAalready has a 5’ phosphate
aup, this first must be removed by treatment with
Eyaline phosphatasefrom E.coli.

?
-O—P—O+ CH;

Cleaved DNA

¢ ; rIl lo / _ _
0 C7 HEN + ~O—P=0NN |

CH=CH .
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The DNAIs Cleaved in a Base-Specific Manner mS
The basic strategy of the chemical cleavage method is to Ag

specifically cleave the end-labeled DNA atonly onetype of
nucleotide under conditions such that each moleculeis bro- Figure 28-53
ken at an averageofone randomly located susceptible bond. Anautoradiograph of a sequencing gel containing fragments

HI This produces a set of radioactive fragments whose mem- of a DNA segmentthat was treated according to the| . chemical cleavage method of sequence analysis. The DNA32 +4

il bers extend from the **P-labeled end to one of the positions was 22P labeledatits 5’ end. The DNA’s deduced sequenceshi, occupied by the chosen base. For example, if the DNA to _is written beside the gel. Since the shorter fragments, whichi be sequencedis have the larger spacing, are at the bottom ofthe gel, the
2 5! —> 3’ direction in the sequence correspondsto theP-TGTAGGAGCT upward directionin the gel. [Courtesy of David Dressler,

Harvard University Medical School.]

YY

cleavage onthe 5’ side of the G residues, for instance, would produce the following set of 5’-labeled frag- dering the glycosidic bond of the methylatedresiduements: susceptible to hydrolysis (Fig. 28-52a). Subsequent32 treatment by piperidine cleaves the polynucleotideP-TGTAGGA chain before the depurinated residue.
32P-TGTAG 0 ATG

Hh ih 32P-TGTA .Mil 2P-T DMSpreferentially methylates A residues at N(3)
Lilt

rather than N(7) and hence the above treatment
cleaves DNAatA residuesat only about one fifth the
tate it does at G residues.If, instead, the DNA 18| Polyacrylamide gel electrophoresis separates these

|| fragments according to size. Hence the positions of the G

\ : residues in the DNA maybeidentified from the relative treated with acid, both A andG are releasedat compositions on thegel of their corresponding 32P_labeled frag- arible rates to ‘ield the same depurinated pro uctments as revealed by autoradiography. (The unlabeled Peticated in Fi 8-52a. Pi *dine treatment then
cleavage fragments are, of course, not observed in this causes strand &avage befon both A and G residues:
procedure.) In order for this method to work, the gel the pos!”TheA residuesare identified by comparing
mustbeof sufficient resolving power to unambiguously tions of the G and the A + G cleavages.
separate fragments that differ in length by only one

    ( Hl nucleotide. 3. C+T ae\| The DNAto be sequenced may be cleaved at specific The reaction of DNA with hydrazine (NH.— baMh bases by subjectingit, in separate aliquots, to four dif- followed bypiperidine treatment cleaves DNA
ferent treatments: fore both its C and T residues(Fig. 28-52b).
1. Gonly 4, C only nicl; ale

The DNAis reacted with dimethyl sulfate (DMS), If DNAis treated with the hydrazine n 1.505 with
which methylates G residues at N(7), thereby ren- only its C residues react appreciably. Then,
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the purines, the comparison of the C and the C + T
cleavage positions identifies the T residues.

ail four reactions, the conditions are adjusted so that
o strands are cleaved at an average of one randomly

.cated position each.
cleavage Fragments Are Separated Accordingto Size

The four differently fragmented samples of the DNA,
+G, G, C, and C +T, are simultaneously electro-

noresed in parallel lanes ona sequencinggel. This is a
jong, thin (as little as 0.1 mm X up to 200 cm) poly-
acrylamide slab. It contains ~ 8M urea and is run at
70°C so asto eliminate all hydrogen bondingassocia-
fons. These conditions ensure that the DNA fragments
separate only according to their size. The sequence of the
DNA can then be directly read off an autoradiogram of the
sequencing gel as is indicated in Fig. 28-53. Indeed, com-
uterized devices are available to aid in doing so. How-

ever, a single gel is incapable of resolving much more
than 100 consecutive fragments. This limitation is cir-
cumvented by electrophoresing three sets of the four
differently cleaved samples for successively longer

Template

ay
G TT C A C

OH + OH +

p p Pp ppp

5! Primer 3' dCTP

PP; DNApolymerase I

Cc

A CG

\ OH +hhh P
=| ON

  
yy" MN
so Tg AA
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times so as to best resolve the shortest, intermediate

length and longest fragments, respectively. In this man-
ner, the base sequence of a 200 to 300 nucleotide DNA
fragment can normally be determined from oneset of
sequencing reactions (although technical advances are
steadily increasing this number).

Since the base-specific cleavages destroy the corre-
sponding nucleotide, there is no fragment correspond-
ing to the 5’-terminal nucleotide. Furthermore, the
mononucleotide identifying the second baseis usually
not detected on a gel. The identities of these two nucleo-
tides may be determined by sequencing the comple-
mentary strand which, just as importantly, verifies the
sequence of the first strand.

C. Chain-Terminator Method

The chain-terminator methodutilizes the E. coli enzyme
DNA polymerase I to make complementary copies of the
single-stranded DNA being sequenced. Underthe direc-
tion of the strand being replicated (the template
strand), DNA polymerase I assembles the four deoxy-

T

OH+etc.

Ppp

dTTP

Figure 28-54
T The replication of DNA as catalyzed by

E. coli DNA polymerase|. Underthe
direction of the template strand, the
primeris elongated by the stepwise

OH + ete. addition of complementary nucleotides
ppp in the 5’ — 3’ direction on the growing

polynucleotide.
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nucleoside triphosphates, dATP, dCTP, dGTP, and
dTTP, into a complementary polynucleotide chain that
it elongates in the 5’ — 3’ direction (Fig. 28-54). DNA
polymerase I can only sequentially add deoxyribo-
nucleotides to the 3’ end of a polynucleotide. Hence, to
initiate replication, it requires the presence of the 5’ end
of the chain being synthesized (a primer) in a stable
base paired complex with the template. If the DNA
being sequencedis a restriction fragment,asit usuallyis,
it begins and ends witharestriction site. The primer can
therefore be a short DNA segmentcontaining this re-
striction fragment annealed to the strand being repli-
cated. The role of DNA polymerase I in DNAreplication
is examined in Section 31-2A.

DNApolymerase I has a 5’ — 3’ exonucleaseactivity
(degrades DNAonenucleotide at a time from its 5’ end),
which is catalyzed by a separate active site from that
which mediates the polymerization reaction. This is
demonstrated by the observation that upon proteolytic
cleavage of the enzymeinto two fragments, the larger
fragment, which is known as the Klenow fragment,
possesses the full polymerase activity of the enzyme
whereasthe smaller fragment has the 5’ — 3’ exonucle-
ase activity. Only the Klenow fragmentis used in DNA
sequencingto ensure thatall replicated chains have the
same 5’ terminus.

 
  

  
CCGGTAGCAACT
GG 3

Template: 3°
Primer: 5'

 
  

 

c

The Synthesis of Labeled DNA by DNA
Polymerase Is Terminated After Specific Bas

In the chain-terminator technique (Fig. 28
DNAto be sequenced is incubated with the Kle, 5),
ment of DNA polymeraseI, a suitable primey ond
deoxynucleoside triphosphates, of which at leq on
ally dATP) is [o-**P]-labeled. In addition, a smay
of the 2',3’-dideoxynucleoside triphosphate ,

@)—-@)-@)—ocn, O
H H

H H
H H

2',3'-Dideoxynucleoside
triphosphate

the

of one of the bases is added to the reaction mixture. Wh,
the dideoxy analogis incorporated in the growing poh4
nucleotidein place of the corresponding normal nude
tide, chain growthis terminated becauseofthe absence
of a 3’-OH group. Byusing only a small amount of the
dideoxy analog, a series of truncated chains are generated
that are each terminatedby the dideoxy analog at one of the
positions occupied by the corresponding base. Sequence gel
electrophoresis separates these chains according to their
lengths and therefore indicates the positions at which that
base occurs.

5! Figure 28-55
A flow diagram of the chain-
terminator method of DNA

sequencing. The symbol ddATP
dATP + ddATP dATP dATP dATP represents dideoxyadenosine
dCTP dCTP + ddCTP dCTP dCTP triphosphate,etc.
dGTP dGTP dGTP + ddGTP dGTP
dTTP dTTP dTTP dTTP + ddTTP

iit GGCCA GGC GGCCATCG GGCCAT
|| GGCCATCGTTGA GGCC GGCCATCGTTG GGCCATCGT

i | GGCCATC GGCCATCGTT
| |

| i|! |
j

|

| A Cc G T
|

: HH) —_——- A3
Hil | - _———e G
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iI a) T
f — G Sequence complementary

' = C to template DNA
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___- C 5'
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Each of the dideoxy analogs of the four bases are

reacted in separate vessels and the resulting °*P-labeled
product mixtures are subjected to sequencegel electro-
phoresis in parallel lanes. The sequenceof the replicated
strand can then bedirectly read from an autoradiogram
of the gel (Fig. 28-56), muchlike that in the chemical
cleavage method.

Both the chain-terminator and the chemical cleavage
procedures are widely used for DNA sequencing. Witha
few hourseffort by a skilled operator, either method can
Sequence a DNA ofseveral hundred nucleotides. In-

deed, the major obstacle to sequencinga very long DNA
Molecule is ensuring thatall of its fragments are cloned
(by methods discussed in Section 28-8C) rather than
Sequencing them once they have been obtained. The
chemical cleavage method is somewhateasier to set up
°F occasionaluse while the chain-terminator methodis

Senerally chosen for routine use. Note that the sequence
obtained by the chain-terminator method is comple-
Mentary to the DNAstrand being sequenced, whereas
is iTuence obtained by the chemical cleavage method

at of the original DNAstrand.

Fe Chain-Terminator MethodIs
Buy Automated

kc large DNA segments such as entire chromosomes
to be sequenced, then existing sequencing methodsTh

thar be greatly accelerated, that is, automated. The

ar

‘-terminator method has been adaptedto comput-
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Figure 28-56
An autoradiograph of a sequencinggel
containing DNA fragments produced by the
chain-terminator method of DNA

sequencing. A secondloading of the gel
(right) was made 90 minaftertheinitial
loading. The deduced sequence of 140
nucleotides is written along side. [From
Hindley, J., DNA Sequencing, /n Work,
T. S. and Burdon,R. H. (Eds.), Laboratory
Techniques in Biochemistry and Molecular
Biology, Vol. 10, p. 82, Elsevier (1983).
Used by permission.]

erized procedures. Rather than use radiolabeled nucleo-
tides (with their inherent health hazards and storage
problems), each dideoxynucleoside triphosphateis co-
valently linked to a differently fluorescing dye. The
chain-extension reactionis carried out in a single vessel
containingall four fluorescent dideoxy analogs and thus
yielding a series of increasingly longer polynucleotides,
each with a fluorescence spectrum characteristic of its
3’-terminal nucleotide. The reaction mixture is then

subject to sequence gel electrophoresis in a single lane
yielding a series of bands, each with the fluorescence
spectrum indicative of a successive base in the DNA
being sequenced (Fig. 28-57). The gel fluorescence de-
tection system is computer-controlled and hence data
acquisition is automated. This device can identify
~ 10,000 bases per day in contrast to the ~ 50,000 bases
per year that a skilled operator can identify using the
above-described manual methods (note that with the
use of only one such device, it would still take nearly
1000 years to sequence the human genome).

D. RNA Sequencing
RNA maybe rapidly sequencedbyonly a slight modi-

fication of DNA sequencing procedures. The RNAto be
sequencedis transcribed into a complementary strand of
DNA (cDNA) through the action of RNA-directed
DNApolymerase (also known as reverse transcrip-
tase). This enzyme, which is produced by certain RNA-
containing viruses (Section 31-4C), uses an RNA tem-
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220
A 219g 224T

Fluorescence  
Position in gel

Figure 28-57
The detection, in a sequencing gel, of fluorescent
terminator-labeled DNA fragments generated by the
automated chain-terminator technique. Theratio of the
intensities of the laser-excited dye fluorescence as
separately measured in two wavelength bands(b/ue, short
wavelength; red, long wavelength) unambiguouslyidentifies
the fluorescent 3’-terminal base in each gel band asA,T, G,
or C. The number above each bandindicatesits position in
the DNA segment being sequenced. [After Prober, J. M.,
Trainor, G. L., Dam, R. J., Hobbs, F. W., Robertson, C. W.,
Zagursky, R. J., Cocuzza, A. J., Jensen, M. A., and
Baumeister, K., Science 238, 340 (1987).]

plate but is otherwise similar in its action to DNA
polymerase I. The resulting cDNA may then be se-
quencedby either the chemical cleavage or the chain-
terminator methods. Alternatively, RNA may be di-
rectly sequenced by a chemical cleavage method similar
to that of DNA sequencing, which employs reactions
that cleave RNA after specific bases.

7. CHEMICAL SYNTHESIS OF

OLIGONUCLEOTIDES

Molecular cloning techniques (Section 28-8) have
permitted the genetic manipulation of organisms in
order to investigate their cellular machinery, change
their characteristics, and produce scarce or specifically
altered proteinsin large quantities. The ability to chemi-
cally synthesize DNA oligonucleotides of specified base se-
quences is an indispensable part of this powerful technol-
ogy. For example, suppose wewishedto obtain the gene
specifying a protein whose amino acid sequenceis at
least partially known.Reference to the genetic code (the
correspondence between an amino acid sequence and
the base sequence of the gene specifying it; Section
30-1) permits the synthesis of a short (~ 15 nucleotide)
32P-labeled oligonucleotide that is complementary to a
segmentof the geneofinterest. The oligonucleotideis

usedas a probein the Southern transfer procedu
tion 28-4C) on restriction enzyme-digesteg p 14 See.
the organism that producedthe protein. The prob fron,
cifically labels the required gene and thereby pe © Spe.
isolation. TMitsits

Synthetic oligonucleotides are also requireg to spe:
ically alter genes through site-directed mutagen
An oligonucleotide containing a short gene se Nesis,
with the desired altered base sequence js used nit
primer in the DNA polymeraseI replication of the
of interest. Such a primer will hybridize to the oene
sponding wild-type sequenceif there are only a fe
mismatched base pairs, and its extension, by DNe
polymeraseI (Section 28-6C), yields the desired alter :
gene(Fig. 28-58). The altered gene can then be inseriay
in a suitable organism via techniques discussed jn Sec
tion 28-8 and grown(cloned) in quantity. "

Oligonucleotides Are Valuable Diagnostic Too};
Theuse of synthetic oligonucleotides as probesin South.

ern transfer analysis has great promisefor the diagnosis ang
prenatal detection of genetic diseases. Thesediseases often
result from a specific changein a single gene such as a base
substitution, deletion, or insertion. The temperature at

Mismaiched primer

—Sas"
3). OC GT 5!SN foN
TCG AGTC CATGT

AGCTTCAGAGGTACA
5! 3’

dATP + dCTP + dGTP + dTTPDNA

polymerase

3° C6 GT 5'aN “oN

—TCG AGTC CATGT

AGCTTCAGAGGTACA
5! 3"acawaa

Altered gene

Figure 28-58 ‘ .
Site-directed mutagenesis. A chemically synthesized Sis
oligonucleotide incorporating the desired base chang” The
hybridized to the DNA encoding the gene to be alterse |
mismatched primeris then extended by DNA polymer”
thereby generating the mutated gene. The mutated onl m
can subsequently beinserted into a suitable host oroaNA,in
so as to yield the mutant DNA,or the corresponding
quantity, produce a specifically altered protein, an
generate a mutant organism.
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obe hybridization is carried out may be ad-‘ h iwind 7 that only an oligonucleotide that is perfectly
je’aplementary to a length of DNA will hybridizetoit.
even a single base mismatch, under appropriate condi-
aris will result in a failure to hybridize. For example,
ile-cell anemia (Section 9-3B) arises from a single
achange that causes the aminoacid substitution Glu
rs _» Val in hemoglobin. A 19-residue oligonucleotide
thatis complementaryto the sickle-cell gene’s mutated

ent hybridizes, at the proper temperature, to DNA
from homozygotes for the sickle-cell gene but not to
DNA from normalindividuals. An oligonucleotide that
is complementary to the normal Hbf genegives oppo-
ite results. DNA from sickle-cell heterozygotes hybri-
dizes to both probes but in reduced amountsrelative to
the DNAs from homozygotes. The oligonucleotides
may consequently be used in the prenatal diagnosis of
sickle-cell disease. DNA probesare also rapidly replac-
ing the much slower andless accurate culturing tech-
niques for the identification of pathogenic bacteria.

Oligonucleotides Are Synthesized in a
Stepwise Manner

The basic strategy of oligonucleotide synthesis is
analogousto that of polypeptide synthesis (Section 6-4):
A suitably protected nucleotide is coupled to the growing
end of the oligonucleotide chain, the protecting group is
removed, and the process is repeated until the desired oli-
gonucleotide has been synthesized. Thefirst practical tech-
nique for DNA synthesis, the phosphodiester method,
which was developed by H. Gobind Khorana in the
1960s, is a laborious process in whichall reactions are
carried out in solution and the products mustbe isolated
at each stageof the multistep synthesis. Khorana, never-
theless, used this method, in combination with enzy-
Matic techniques, to synthesize a 126-nucleotide tRNA
gene, a project that required several years of intense
effort by numerous skilled chemists.

The Phosphoramidite Method
By the early 1980s,these difficult and time consuming

Ptocesses had been replaced by muchfastersolid phase
Methodologies that permitted oligonucleotide synthesis
fo be automated. The presently most widely used chem-
Stty, which was formulated by Robert Letsinger and
urther developed by Marvin Caruthers, is knownasthe
Phosphoramidite method. This nonaqueous reaction
al ence addsa single nucleotideto a growingoligonu-
““otide chain as follows (Fig. 28-59):
1 The dimethoxytrityl (DMT»)protecting groupat the

5’ end of the growingoligonucleotide chain (whichis
anchored via a linking groupatits 3’ end to a solid
Support, S) is removed by treatment with acid.

2,
The newly liberated 5’ end of the oligonucleotideis
“oupled to the 3’-phosphoramidite derivative of the
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next deoxynucleoside to be added to the chain, The
coupling agentin this reaction is tetrazole.

3. Any unreacted 5’ end (the coupling reaction has a
yield of over 99%) is capped by acetylation so as to
block its extension in subsequent coupling reactions.
This prevents the extension of erroneous oligonu-
cleotides.

4, The phosphite triester group resulting from the coup-
ling step is oxidized to the phosphotriester thereby
yielding a chain that has been lengthened by one
nucleotide.

The abovereaction sequence, in commercially available
automated synthesizers, can be routinely repeated at
least 50 times with a cycle time of 40 min or less. Once an
oligonucleotide of desired sequence has been synthe-
sized, it is released from its support and its various
blocking groups, including those on the bases, are re-
moved. The product can then be purified by HPLC
and/or gel electrophoresis.

8. MOLECULAR CLONING

A major problem in almost every area of biochemical
research is obtaining sufficient quantities of the sub-
stanceof interest. For example, a 10-L cultureof E. coli
grownto its maximum titer of ~ 10° cells - mL~ con-
tains, at most, 7 mg of DNA polymeraseI, and many of
its proteins are present in far lesser amounts. Yet, it is
rare that as muchasonehalf of any protein originally
present in an organism can be recovered in pure form.
Eukaryotic proteins may be even moredifficult to obtain
because many eukaryotic tissues, whether acquired
from an intact organism or grownintissue culture, are
available in only small quantities. As far as the amount
of DNA is concerned, our 10-L E. coli culture would

contain ~ 0.1 mg of any 1000 bp length of chromo-
somal DNA(alength sufficient to contain most prokary-
otic genes) butits purification in the presenceof the rest
of the chromosomal DNA would beanall but impossi-
ble task. Thesedifficulties have been largely eliminated
in recent years through the development of molecular
cloning techniques (a cloneis a collection of identical
organisms that are derived from a single ancestor).
These methods, which are also referred to as genetic
engineering and recombinant DNAtechnology, de-
serve muchof the credit for the enormousprogress in
biochemistry since the mid-1970s, ,

The main idea of molecular cloning is to insert a DN.
segmentof interest into an autonomously replicating DNA
molecule, a so-called cloning vectororvehicle, so that the
DNAsegmentis replicated with the vector. Cloning sucha
chimeric vector (chimera: A monster in Greek mythol-
ogy that has a lion’s head, a goat’s body, and a serpent’s
tail) in a suitable host organism such as E.coli or yeast
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re 28-59 (opposite)
eaction cycle in the phosphite-triester method of

Th nucleotide synthesis. Here B,, B., and B, represent
oligacted bases, and S represents aninert solid phase
Eoport such as controlled-pore glass.su

sults in the production of large amounts of the in-
DNAsegment. If a cloned geneis flanked by the

roperly positioned control sequences for RNA and
Fotein synthesis (Chapters 29 and 30), the host may
4150 produce large quantities of the RNA and protein

ecified by that gene. The techniquesof genetic engi-
“eerig are outlined in this section.

ye
$

A. Cloning Vectors
Both plasmids, bacteriophages, and yeastartificial

chromosomesare usedascloning vectors in genetic en-
gineering.

Plasmid-Based Cloning Vectors
Plasmids are circular DNA duplexes of 1 to 200 kb

that contain the requisite genetic machinery, such as a
replication origin (a site at which DNAreplication is
initiated; Section 31-2), to permit their autonomous
propagation in a bacterial hostor in yeast. Plasmids may
be considered molecular parasites but in many instances
they benefit their host by providing functions, such as
resistance to an antibiotic, that the host lacks. Indeed,

the widespread appearance, since antibiotics came into
use, of antibiotic-resistant pathogensis a result of the
rapid proliferation among these organisms of plasmids
containing genes that confer resistance to antibiotics.

Sometypes of plasmids, whichare present in one ora
few copies percell, replicate once percell division as
does the bacterial chromosome;their replication is said
to be under stringent control. The plasmids used in
molecular cloning, however, are underrelaxed control;
they are normally present in 10 to 200 copies percell.
Moreover, if protein synthesis in the bacterial host is
Mhibited, for example, by the antibiotic chlorampheni-
fol (Section 30-3G), the copy numberofthese plasmids
May increase to several thousandpercell (aboutonehalf
Of the cell’s total DNA). The plasmids that have been
“onstructed (by genetic engineering techniques) for use
. Molecular cloning are relatively small, carry genes
edifying resistance to several antibiotics, and contain a
wa of conveniently located restriction endonucle-
ay Sites into which the DNAto be cloned maybe in-

tted (via techniques described in Section 28-8B). The
t ie! Plasmid designated pBR322 (Fig. 28-60) is among

Most widely used cloning vectors.
Bt € expression of a chimeric plasmid in a bacterial

Wasfirst demonstrated in 1973 by Herbert Boyer
_,>tanley Cohen. Thehostbacterium takesupa plas-

nnthe two are mixed together in a process thatis
y enhanced by the presence of Ca?*, (which is
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gene (Amp®) gene (Tet?)

/ Hindlll

Plasmid pBR322

Figure 28-60
A restriction map of plasmid pBR322indicating the positions
ofits antibiotic resistance genes.

thought to increase membrane permeability). An ab-
sorbed plasmid vector becomes permanently estab-
lished in its bacterial host (transformation) with an effi-
ciency of ~ 0.1%.

Plasmid vectors cannot be used to clone DNAs of

more than ~ 10 kb. Thisis becausethe time required for
plasmid replication increases with plasmid size. Hence
intact plasmids with large unessential (to them) inserts
are lost through thefaster proliferation of plasmids that
haveeliminated these inserts by random deletions.

Bacteriophage-Based Cloning Vectors
BacteriophageA (Fig. 28-61) is an alternative cloning

Figure 28-61
An electron micrograph of bacteriophage 4. [Courtesy of A.
F. Howatson. From Lewin, B., Gene Expression, Vol. 3, Fig.
5.23, John Wiley & SonsInc. (1977).]
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vehicle that.can be used to clone DNAsofup to 16 kb.
The central third of this virus’ 48.5-kb genomeis not
required for phageinfection (Section 32-3A) and can
therefore be replaced by foreign DNAsofuptoslightly
greatersize using techniques discussedin Section 28-8B.
The chimeric phage DNA can then beintroducedinto
the host cells by infecting them with phages formed
from the DNAbyanin vitro packaging system (Section
32-3B). The use of phages as cloning vectors has the
additional advantage that the chimeric DNAis pro-
duced in large amounts andin easily purified form.

A Phages can be used to clone even longer DNAin-
serts. The viral apparatus that packages DNAinto phage
headsrequires only that the DNA havea specific 14 bp
sequence knownasa cossite located at both ends and
that these ends be 36 to 51 kb apart (Section 32-3B).
Placing two cossites the proper distance apart ona plas-
mid vector yields, via an in vitro packaging system, a
so-called cosmid vector, which can contain foreign
DNAof up to ~49 kb. Cosmids have no phage genes
and hence, uponintroduction into a hostcell via phage
infection, reproduce as plasmids.

The filamentous bacteriophage M13 (Fig. 28-62) is
also a useful cloning vector. It has a single-stranded
circular DNAthat is contained in a protein tube com-
posed of ~2700 helically arranged identical protein
subunits. This numberis controlled, however, by the
length of the phage DNAbeing coated; insertion of
foreign DNAin a nonessential region of the M13 chro-
mosomeresults in the production of longer phage parti-
cles. Although M13 cloning vectors cannot stably main-
tain DNAinserts of > 1 kb, they are widely used in the
production of DNA for sequenceanalysis by the chain-
terminator method (Section 28-6C) because these
phages directly produce the ~300-nucleotide single-
stranded DNAthat this technique requires. Further-
more, since the DNAto be sequencedis alwaysinserted
at the same pointin the viral chromosome(a restriction
site; Section 28-8B), an ~ 15 base synthetic oligonucleo-
tide (the so-called “universal primer”) that is comple-
mentary to the viral DNA on the 3’ side of the cloning
site may be used as the primer for any DNA segment
sequenced by this method.

YAC Vectors

DNAsegmentslarger than those that can be carried
by cosmids maybe clonedin yeast artificial chromo-
somes (YACs). YACs are linear DNA segments that
contain all the molecular paraphernalia required for
replication in yeast: a replication origin [known as an
autonomously replicating sequence (ARS)], a centro-
mere (the chromosomal segmentattachedto the spindle
during mitosis and meiosis), and telomeres (the ends of
linear chromosomes that permit their replication).
DNAsof several hundred kb have been spliced into
YACs andsuccessfully cloned.
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Figure 28-62
An electron micrographof the filamentous bacteriophage
M13. Note that somefilaments appear to be pointed at one
end (arrews). [Courtesy of Robley Williams, Stanford
University, Emeritus and Harold Fisher, University of Rhode
Island.]

B. GeneSplicing
A DNAto be cloned is, in many cases, obtained as a

defined fragment through the application of restriction en-
donucleases (for M13 vectors, the restriction enzymes’
requirement of duplex DNAnecessitates the useofthis
phage DNAin double-stranded form). Recall that most
restriction endonucleases cleave duplex DNAatspecific
palindromicsitesso asto yield single-strandedendsthat
are complimentary to each other (Section 28-6A).
Therefore, as Janet Mertz and Ron Davisfirst demon-
strated in 1972, a restriction fragment maybeinserted into
a cut made in a cloning vector by the samerestriction en-
zyme (Fig. 28-63). The complimentary (cohesive) ends of the
two DNAsspecifically associate under annealing condi-
tions and are covalently joined (spliced) through the action
of an enzyme named DNAligase (Section 31-2C; DNA
ligase produced by bacteriophage T4 must be used for
blunt-endedrestriction cuts such as those generated by
Alul or Haelll; Table 28-5). A great advantage of using 4
restriction enzymeto construct a chimeric vector is that the
DNAinsert can be precisely excised from the cloned vector
by cleaving it with the samerestriction enzyme. I

If the foreign DNA andcloningvector have rio com
monrestriction sites at innocuouspositions, they ma
still be spliced, using a procedure pioneered by na
Kaiser and Paul Berg, through theuse of terminal ol
oxynucleotidyl transferase (terminal transfera®f
This mammalian enzyme, which has been implicate |
the generation of antibody diversity (Section 34- NA
adds nucleotidesto the 3’-terminal OH group of @ does
chain;it is the only known DNA polymerase that TIP,
notrequire a template. Terminal transferase an
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Figure 28-63
Bs Construction of a recombinant DNA molecule by the
eon ofa restriction fragment in a cloning vector’s

®Sponding restriction cut.

ample, can build up poly(dT)tails of ~ 100 resi-
the 3’ ends of the DNA segmentto be cloned

ats r 8-64), Thecloningvector is enzymatically cleaved
sim Pecific site and the 3’ ends of the cleavagesite are
tar arly extended with poly(dA)tails. The complimen-
fro,polymertails are annealed, any gaps resulting
lyme ifferences in their lengthsfilled in by DNA po-

“Se I, and the strands joined by DNA ligase.
Sadvantageof the above techniqueisthatit elimi-
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DNA to be cloned Cloning vector

  a

dATP terminal terminal dTTP
transferase transferase

 
Recombinant DNA

Figure 28-64
Two DNA fragments may be joined through the generation
of complementary homopolymertails. The poly(dA) and
poly(dT) tails shownin this example may be replaced by
poly(dC) and poly(dG)tails.

natesthe restriction sites that were usedto generate the
foreign DNAinsert and to cleave the vector. It may
therefore be difficult to recover the insert from the

cloned vector. This difficulty can be circumvented by
appending to both ends of the foreign DNAa chemi-
cally synthesized palindromic “linker” which hasa re-
striction site matching that of the cloning vector. The
linker is attached to the foreign DNAbyblunt endliga-
tion with T4 ligase and then cleaved with the appropri-
ate restriction enzymetoyield the correct cohesive ends
for ligation to the vector (Fig. 28-65).

Properly Transformed Cells Must Be Selected
How can oneselect only those host organisms that

contain a properly constructed vector? In the case of
plasmidtransformation,this is usually done through the
useof antibiotics. For example, an E. coli transformed by
a pBR322 plasmid (Fig. 28-60) containing a foreign
DNAinsert in its BamHIsite is tetracycline-sensitive
(tet; tetracycline is an antibiotic that inhibits bacterial
protein synthesis; Section 30-3G) becauseofthe inter-
ruption of its tet gene by the insert, but is ampicillin-
resistant (amp*; ampicillin is a penicillin derivative) as
conferred by the plasmid’s intact amp gene. Bacterial
colonies (clones) can therefore be grown on culture
plates containing ampicillin to select for bacteria that
have beentransformed bythis plasmid. Of these colo-
nies, the ones with plasmids containing the foreign
DNAcanbedetected, through replica plating (Section
27-1D), by their failure to grow onatetracycline-con-
taining medium.

Genetically engineered A phage variants contain re-
striction sites that flank the dispensible central third of
the phage genome(Section 28-8A). This segment may
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therefore be replaced,asis described above, by a foreign
DNAinsert (Fig. 28-66). DNA is only packaged in A
phage headsif its length is from 75 to 105% of the
48.5-kb wild-type A genome. Consequently, 4 phage
vectors that have failed to acquire a foreign DNAinsert
are unable to propagate because they are too short to
form infectious phage particles. Cosmid vectors are
subject to the samelimitation. Moreover, cloned cos-
mids are harvested by repackaging them into phage
particles. Hence, any cosmids that have lost sufficient
DNAthrough random deletion to make them shorter
than the abovelimit are not recovered. This is why cos-
mids can supportthe proliferation of large DNAinserts,
whereasother types of plasmids cannot.

C. Genomic Libraries

In order to clone a particular DNA fragment, it must
first be obtainedin relatively pure form. The magnitude
of this task may be appreciated whenitis realized that,
for example, a 1-kb fragment of human DNArepresents
only 0.000035%ofthe 2.9 billion bp human genome. A
DNAfragment mightbe identified by Southern blotting
of a restriction digest of the genomic DNA underinves-
tigation (Section 28-4C). The radioactive probe used in
this procedure could be the corresponding mRNA if itis
producedin sufficient quantity to beisolated(e.g., retic-
ulocytes, which producelittle protein besides hemoglo-
bin, are rich in globin mRNAs). Alternatively, in cases
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where the aminoacid sequenceof the protein encoded
by the geneis known,the probe could be a mixture of
the various synthetic oligonucleotides that might be
complimentary to a segmentof the gene’s inferred base
sequence (Section 30-1).

In practice, it is usually more difficult to identify a
particular gene from an organism andthen clone it than
it is to clone the organism’s entire genome as DNA frag-
ments and thenidentify the clone(s) containing the se-
quences(s) of interest. Such a set of cloned fragments15
knownas a genomic library. A genomiclibrary of a
particular organism need only be made once since it can
be perpetuated for use whenever a new probe becomes
available.

Genomic libraries are generated accordingto a proce
dure known as shotgun cloning. The chromosoma
DNAofthe organism ofinterestis isolated, cleave?
fragments of clonable size, and inserted in 4 dona
vector by the methods described in Section 28-8B. pue
DNAis fragmented by partial rather than exhave
restriction digestion so that the genomiclibrary conta’
intact representatives ofall the organism's genestes.
cluding those whose sequences contain restric” oaaa
Shear fragmentationbyrapidstirring of a DNA ver phe
can also be used but requires further treatment O
fragmentsto insert them into cloning vectors: Ge rea
libraries have been established for a number of 0
nismsincluding yeast, Drosophila, and humans.

d to 
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base The cloning of foreign DNA in A phages.
ify a
than Many Clones Must Be Screened to Obtain a Gene
frag- of Interest

1e $e" The numberof random cleavage fragments that must
nts is be cloned to ensure a high probability that a given se-
3 of a dence is represented at least once in the genomicli-
it call brary is calculated as follows: The probability P that a set
omes i N clones contains a fragmentthatconstitutes a frac-

; °n f, in bp, of the organism’s genomeisroce-

omal . P=1-—(1—f)N [28.7]
ed 0 Consequent!ning : ¥

, The ae m N=In(1 — P)/In(i — f) [28.8]ive .

a 1 i in order for P = 0.99 for fragments averaging
ee * bin length, N = 1840 for the 4000-kbE. coli chro-
cee Rome’ and 76,000 for the 165,000-kb Drosophila ge-
tio? ae The recent development of YAC-based genomic
f the Neea therefore promises to greatly reduce the effort
omic — to obtain a given gene segment from a large
orge” i . oye . .Screen 4 genomic library lacks an index, it must be

°d for the presenceof a particular gene. This is done
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Figure 28-67
Colony(in situ) hybridization identifies the clones containing
a DNAofinterest.

by a process knownascolonyorin situ hybridization
(Fig. 28-67; Latin:in situ, in position). The cloned yeast
colonies, bacterial colonies, or phage plaques to be
tested are transferred, by replica plating, from a master
plate, to a nitrocellulose filter. The filter is treated with
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NaOH,whichlyses thecells/phages and denatures the
DNAsothat it binds to the nitrocellulose (recall that
single-stranded DNAis preferentially boundto nitro-
cellulose). Thefilter is then dried to fix the DNAinplace,
treated under annealing conditions with a radioactive
probe for the gene of interest, washed, and autoradio-
graphed. Only those colonies/plaques containing the
sought-after gene will bind the probe and thereby blacken
the film. The corresponding clones can then be retrieved
from the masterplate. Using this technique, even an~1
million clone human genomic library can be readily
screenedfor the presenceof a particular DNA segment.

Many eukaryotic genes and geneclusters span enor-
mous tracts of DNA (Section 33-2); some consist of
> 1000 kb. With the use of plasmid, phage, or cosmid-
based genomiclibraries, such long DNAs can only be
obtained as a series of overlapping fragments (Fig.
28-68): Each gene fragmentthat has beenisolatedis, in
turn, used as a probe to identify a successive but par-
tially overlapping fragmentof that gene, a process called
chromosome walking. The use of YACs, however,
greatly reduces the need for this laborious and error-
prone process.

DNA too large to sequencein one pieceTE
  
 

Fragment and clone

 
 

Pick a clone and sequence
a the insert

Subclone a small fragment and
use as a probeto identify an
overlapping clone

 
Sequencethe insert

Over-

lapping <
clones  

(

Figure 28-68
Chromosome walking. A DNA segmenttoo large to
sequence in one pieceis fragmented and cloned. A clone is
picked and the DNAinsert it contains is sequenced. A small
fragmentof the insert near one endis subcloned (cloned
from a clone) and used as a probeto select a clone
containing an overlapping insert which,in turn,is sequenced.
The processis repeated soas to ‘walk’ down the
chromosome. Chromosomewalking can, of course, extend
in both directions.
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D. DNA Amplification by the Po}
Chain Reaction YMerage

Although molecular cloning techniquesare j,,3:. : : ndi
sible to modern biochemical research, the he SPen.
polymerase chain reaction (PCR)offers a more Of the
nient method of amplifying a specific DNA se Conve.
up to 6 kb. In this technique, a denatured DNment of
is incubated with DNA polymerase and two oe
cleotide primersthat direct the DNA polymerase } onu.
thesize new complimentary strands. Multiple cycle n-
this process, each approximately doubling the ame of
of DNApresent, exponentially amplify the DNA want
ing from aslittle as a single gene copy. In each cycle art.
twostrands of the duplex DNAare separated by g
denaturation, the primers are annealed to their com,iPli-
mentary segments on the DNA, and the DNA polymer.
ase directs the synthesis of the complimentary strang
(Section 28-6C). Theuseof a heat-stable DNA polymer,
ase from the thermophilic bacterium Thermus aquaticus
eliminates the need to add fresh enzymeafter each heat
denaturation step. Hence, each amplification cycle is
controlled by simply varying the temperature.

Twenty-five cycles of PCR amplification increase the
amountof the target sequence by around a millionfold
with high specificity. Indeed, the method has been
shownto amplify a target DNA presentonly once ina
sample of 10° cells thereby demonstrating that the
method can be used without prior DNA purification.
The amplified DNA can becharacterized by the various
techniques wehave discussed: Southern blotting, RFLP
analysis, and direct sequencing. PCR amplification is
therefore a form of “cell-free molecular cloning” that
can accomplish in an automated3 to 4 hinvitro reaction
what would otherwise take days or weeksvia the clon-
ing techniques discussed above.

The use of PCR amplification holds great promise for
a variety of applications.Clinically,it can be used for the
rapid diagnosis of infectious diseases andthe detection
of rare pathological events such as chromosomaltrans"
locations. Forensically, the DNA fromasingle hair of
sperm can be used to unambiguously identify the donor.
RNAmayalso be amplified by the PCR methodby frst
converting it to CDNAthrough the use of reverse tran-
scriptase (Section 28-6D).

E. Production of Proteins
nt DNA

Oneof the greatest potential uses of recombina .
technology is in the production of large quantities of s¢ ’
and/or novel proteins. Thisisa relatively straightforw?
procedure for bacterial proteins: A cloned stra
gene must be accompanied by the properly positio or
transcriptional and translational control sequence?id
its expression. With the useofa relaxed control P idon-
and anefficient promoter(a type of transcription oteit
trol element; Section 29-3A), the production of apt
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interest may reach 30%of the host’s total cellular
otein. Such genetically engineered organisms are

Pp ied overproducers. Bacterial cells often sequester
ca hlarge amountsof useless (to the bacterium) protein
sucsoluble and denaturedinclusions. Protein extracted
ithese inclusions musttherefore be renatured, usu-

Ei py dissolving it in a guanidinium chloride or urea
ution (Section 8-1A) and then dialyzing away the
denaturant, . a .

The synthesis of a eukaryotic protein in a prokaryotic
ost presents several problems not encountered with

prokaryotic proteins:
4, The eukaryotic control elements for RNA andprotein

synthesis are not recognized by bacterial hosts.
Most eukaryotic genes contain one or more internal
unexpressed sequences called introns, which are
specifically excised from the gene’s RNAtranscriptto
form the mature mRNA(Section 29-4A). Bacterial
genes lack introns and hence,bacteria are unable to
excise them.

re

Bacteria lack the enzyme systems to carry out the
specific post-translational processing that many eu-
karyotic proteins require for biological activity (Sec-
tion 30-5). Most conspicuously, bacteria do not
glycosylate proteins(although, in many cases,glyco-
sylation does not seem to affect protein function).

w

b= Eukaryotic proteins may be preferentially degraded
by bacterial proteases (Section 30-6A).

The problem of nonrecognition of eukaryotic control
elements can be eliminated by inserting the protein-en-
coding portion of a eukaryotic gene into a vector con-
taining correctly placed bacterial control elements. The
Need to excise introns can be circumvented by cloning
the cDNAofthe protein’s mRNA.Alternatively, genes
encoding small proteins of known sequence can be
chemically synthesized (Section 28-7). Neither of these
Strategies is universally applicable, however, because
few mRNAsare sufficiently abundantto be isolated and
Many eukaryotic proteinsare large (although the maxi-
Mum available size of synthetic polynucleotidesis in-
“teasing rapidly). Likewise, no general approach has

©en developed for the post-translational modification
of eukaryotic proteins although polypeptide cleavage

y treatmentwith trypsin or cyanogen bromide(Section
- ) has been successfully employed in the in vitro
iBcnon of some eukaryotic proenzymes. Lastly, the
rote bacterial proteolysis of certain eukaryotic
s“ins has been preventedby inserting the eukaryotic
itna bacterial gene. The resulting hybrid pro-
th, 28 an N-terminal polypeptide of bacterial origin

* some cases, prevents bacterial proteases from
8nizing the eukaryotic segment as being foreign.
“ver, the developmentof cloning vectorsthat prop-

Tec
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agate in eukaryotic hosts, such as yeast or cultured ani-
malcells, has led to the elimination of many of these
problems(although post-translational processing may
vary among different eukaryotes). Indeed, shuttle vec-
tors are available that can propagate in both yeast.and
E. coli and thustransfer (shuttle) genes between these
twotypesofcells.

The ability to synthesize a given protein in large quanti-
ties has enormous medical, agricultural, and industrial po-
tential. Human insulin and human growth hormone,to
mention but two, are already in widespreadclinicaluse,
and many others are under development. Of equal im-
portanceis the ability to tailor proteins to specific applica-
tions throughsite-directed mutagenesis (Section 28-7). For
many purposes, however,it will be preferable to tailor
an intact organism rather than just its proteins — true
genetic engineering. For example,if nitrogen fixing bac-
teria can be persuaded to associate with agriculturally
important plants besides legumes (a complicated pro-
cess whose requirements are by no means understood),
the need for nitrogenousfertilizers to grow these plants
in high yield will perhapsbe entirely eliminated.

F. Social Considerations

In the early 1970s, whenstrategies for genetic engi-
neering were first being discussed, it was realized that
little was known aboutthe safety of the proposed ex-
periments. Certainly it would be foolhardy to attempt
experiments such as introducing the gene for diph-
theria toxin (Section 30-3G)into E. coli so as to convert
this human symbiontinto a deadly pathogen. But what
biological hazards would result, for example, from clon-
ing tumorvirus genes in E. coli (a useful technique for
analyzing these viruses)? Consequently, in 1975, molec-
ular biologists declared a voluntary moratorium on mo-
lecular cloning experiments until these risks could be
assessed. There ensueda spirited debate,atfirst among
molecular biologists and later in the public arena, be-
tween two camps: those who thoughtthat the enormous
potential benefits of recombinant DNA research war-
ranted its continuation once adequate safety precau-
tions had been instituted, and those whofelt thatits

potential dangers were so great that it should not be
pursued under any circumstances.

The former viewpoint eventually prevailed with the
promulgation,in 1976, of aset of U.S. governmentregu-
lations for recombinant DNA research. Experiments
that are obviously dangerous were forbidden. In other
experiments, the escape of laboratory organisms was to
be prevented by both physical and biological contain-
ment. By biological containmentit is meant that vectors
will only be cloned in host organisms with biological
defects that prevent their survival outside the labora-
tory. For example, 71776, the first approved “safe”
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846 Section 28-8. Molecular Cloning

 

USING PLASMIDS, YOU PRODUCED ENTIRELY NEW PLANTS
WITH NITROGEN-FIXING ABILITY. ENORMOUSLY-ENHANCED
PHOTOSYNTHESIS, AND DROUGHT- RESISTANCE ~LIKE
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Figure 28-69[Drawing by T. A. Bramley,in Andersen, K., Shanmugam,K. Valentine, R. C., Trends Biochem. Sci. 5, 35 (1 980).T., Lim, S. T., Csonka, L.N., Tait, R., Hennecke, H., Scott, Copyright © Elsevier Biomedical Press, 1980. Used by
D. B., Hom, S. S. M., Haury,J. F., Valentine,A., and permission.]

strain of E. coli, has amongits several defects the re-_treat diabetes and few would dispute the use of “gene
quirement for diaminopimelic acid, an intermediate in_therapy,”if it can be developed, to cure such geneticlysine biosynthesis (Section 24-5B), which is neither defects as sickle-cell anemia (Section 9-3B) and Lesch=present in humanintestines nor commonly availablein Nyhan syndrome(Section 26-2D). If, however, it be-the environment. comespossible to alter complex traits such as at

Asexperience with recombinant DNAresearch accu-_ability or intelligence, which changes would be onmulated, it became evident that the foregoing reserva- ered desirable, under what circumstances would they’tions were largely groundless. No genetically altered made, and who would decide whether to make henorganism yet reported has caused an unexpected health it becomes easy to determine an individual's a ahazard. Indeed, recombinant DNAtechniques have,in_makeup, should this information be used, for exa ay-
many cases, eliminated the health hazards of studying _in evaluating applications for educational and sibilitydangerous pathogenssuch as the virus causing AIDS. ment opportunities, or in assessing a person ® a rs aConsequently, since 1979, the regulations governingre-_for health insurance? The U.S. Supreme coeoratorycombinant DNAresearch have been gradually relaxed. firmed that novellife forms developed in the 7 roprie-There are other social, ethical, and legal considera~ may be patented. But to what extent will i infor
tions that will have to be faced as new geneticengineer-_tory rights impedethefree exchange of i piddevelop”
ing techniques become available (Fig. 28-69). Bacterially mation that has heretofore permitted theproduced humaninsulin is now routinely prescribedto mentof recombinant DNA technology?
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chapter Summary
Nucleic acidsare linear polymers of nucleotides containing

ener ribose residues in RNA or deoxyribose residues in DNA
fe ; are linked by 3’ — 5’ phosphodiester bonds. In double
al DNAsand RNAs,the base compositions obey Char-
Ms rules: A = T and G = C. RNA,but not DNA,is suscepti-
ple to pase-catalyzed hydrolysis.

B-DNA consists of a right-handed doublehelix of antiparal-
tel sugar— phosphate chains with ~ 10 bp per turn of 34 A and
with the bases all perpendicular to the helix axis. Bases on
opposite strands hydrogen bond in a geometrically comple-
mentary manner to form A:T and G-C Watson-Crick base

airs. DNA replicates in a semiconservative manner as has
peen demonstrated by the Meselson—Stahl experiment. At
low humidity, B-DNA undergoesa reversible transformation
to a wider, flatter right-handed double helix known as
A-DNA.Z-DNA,whichis formed at high salt concentrations
by polynucleotidesof alternating purine and pyrimidine base
sequences, is a left-handed double helix. Double-helical RNA
and RNA-DNA hybrids have A-DNA-like structures. DNA
occurs in nature as molecules of enormous lengths which,
because they are also quite stiff, are easily mechanically
cleaved by laboratory manipulations.

Whenheatedpast its melting temperature, T,,,, DNA dena-
tures and undergoes strand separation. This process may be
monitored by the hyperchromism of the DNA’s UV spectrum.
The orientations about the glycosidic bond and the various
torsion angles in the sugar—phosphate chain aresterically
constrained in nucleic acids. Likewise, only a few of the possi-
ble sugar pucker conformations are commonly observed.
Watson-Crick base pairing is both geometrically and elec-
tronically complementary. Yet, hydrogen bonding interac-
tions do not significantly stabilize nucleic acid structures.
Rather, they are largely stabilized by hydrophobic interac-
tions. Nevertheless, the hydrophobic forces in nucleic acids
are qualitatively different in character from those thatstabilize
proteins. Electrostatic interactions between charged phos-
phate groups are also important structural determinants of
nucleic acids.

Nucleic acids are fractionated by many of the techniques
that are used to separate proteins. Hydroxyapatite chromatog-
taphy separates single-stranded from double-stranded DNA.
Polyacrylamideor agarose gel electrophoresis separates DNA
largely on thebasisofsize. Very large DNAscan be separated
by pulsed-field gel electrophoresis on agarose gels. Specific
base sequences may be detected in DNA with the Southern
transfer technique and in RNAbythesimilar northern transfer
technique. DNA maybefractionated according to base com-
Position by CsCl density gradient ultracentrifugation. Differ-
€nt species of RNAare separated by rate-zonalultracentrifu-
8ation through a sucrose gradient.

The linking numberof a covalently closed circular DNA is
‘opologically invariant. Consequently, any change inthe twist
fa circular duplex must be balanced by an equal and opposite
: ange in its writhing number, which indicatesits degree of
aeercoiling. Supercoiling can be induced by intercalation
8ents. The gel electrophoretic mobility of DNA increases

Withits degree of superhelicity. Naturally occurring DNAsare
Negatively supercoiled and mustbe soin orderto partici-

Chapter 28. Nucleic Acid Structures and Manipulation 847

pate in DNAreplication, RNA transcription, and genetic re-
combination. Type I topoisomerases (nicking-closing en-
zymes)relax negatively supercoiled DNAs, one supertwistat a
time, by creatinga single-strandbreak, passing a single-strand
loop through the gap, andresealingit. Type II topoisomerases
(gyrases) generate negative supertwists at the expense of ATP
hydrolysis. They do so, two supertwistsat a time, by making a
double-strand scisson in the DNA,passing the duplex through
the break, and resealingit.

Nucleic acids may be sequenced by the samebasic strategy
used to sequence proteins. Defined DNA fragmentsare gener-
ated by TypeII restriction endonucleases, which cleave DNA
at specific and usually palindromic sequences of four to six
bases. Restriction maps provide easily located physicalrefer-
ence points on a DNA molecule. In the chemical cleavage
method of DNA sequencing, a defined fragment of DNAis
32P-labeled at one end and subjected to a chemical cleavage
processthat randomlycleavesit after a particular type of base.
Theelectrophoresis of the four differently cleaved DNA sam-
ples in paraHel lanes of a sequencing gel resolves fragments
that differ in size by one nucleotide. The base sequence of the
DNAcan bedirectly read from an autoradiogram ofthe gel. In
the chain-terminator method, the DNA to be sequencedis
replicated by DNA polymeraseI in the presenceof a [a-**P]-
labeled deoxynucleoside triphosphate and a small amountof
the dideoxy analog of one of the nucleoside triphosphates.
This results in a series of °*P-labeled chainsthat are terminated

after the various positions occupied by the corresponding
base. An autoradiograph of the sequencinggel containing the
foursets of fragments, each terminatedaftera different type of
base, indicates the DNA’s base sequence. RNA maybe se-
quenced by determining the sequence of its corresponding
cDNAorbydirectly sequencingit by a variation of the chemi-
cal cleavage method.

Oligonucleotides are indispensible to recombinant DNA
technology; they are used to identify normal and mutated
genesandto specifically alter genes throughsite-directed mu-
tagenesis. Oligonucleotides of defined sequenceare efficiently
synthesized by the phosphite-triester method, a cyclic, non-
aqueous, solid phase process that has been automated.

A DNAfragment may be producedin large quantities by
inserting it, using recombinant DNAtechniques,into a suit-
able cloning vector. These may be genetically engineered plas-
mids, bacteriophages, cosmids, or yeast artificial chromo-
somes (YACs). The DNAtobe clonedis usually obtained as a
restriction fragment so thatit can be specifically ligated into a
correspondingrestriction cut in the cloning vector. Genesplic-
ing mayalso occur through the generation of complementary
homopolymer tails on the DNA fragment and the cloning
vector or throughtheuse of synthetic palindromic linkers con-
taining restriction sequences. Introduction of a recombinant
cloning vector into a suitable host organism permits the for- ~
eign DNAsegmentto be producedin nearly unlimited quanti-
ties. A particular gene maybe isolated through the screening
of a genomiclibrary of the organism producing the gene. Ge-
netic engineering techniques may also be used to produce
otherwisescarce or specifically altered proteins in large quan-
tities.
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850 Problems

Problems  

1. Non-Watson-Crick base pairs are of biological impor-
tance. For example: (a) Hypoxanthine (6-oxopurine) is
often one of the bases of the anticodon of tRNA (the
three consecutive nucleotides that base pair with
mRNA). With what base on mRNAis hypoxanthine
likely to pair? Draw the structure of this base pair. (b)
tRNA often makes a G-U base pair with mRNA.Draw a
plausible structure for such a basepair. (c) Many species
of tRNA contain a hydrogen bonded U- A-U assembly.
Draw twoplausible structures for this assembly in which
each U formsat least two hydrogen bondswiththeA. (d)
Mutations mayarise during DNAreplication when mis-
pairing occursas a result of the transient formation of a
rare tautomeric form of a base. Draw thestructure ofa

basepair with proper Watson-Crick geometry that con-
tains a rare tautomeric form of adenine. Whatbase se-

quence change would be caused by such mispairing?
2. Whatis the molecular mass and contour length of a sec-

tion of B-DNA that specifies a 40-kD protein? Each
aminoacid is specified by three contiguous bases on a
single strand of DNA (Section 30-1).

*3, The antiparallel orientation of complementary strandsin
duplex DNA waselegantly demonstrated in 1960 by Ar-
thur Kornberg by nearest-neighbor analysis. In this
technique, DNA is synthesized by DNA polymerase I
from one [a-*?P]-labeled and three unlabeled deoxynu-
cleoside triphosphates. The resulting product is hydro-
lyzed by a DNasethat cleaves phosphodiester bonds on
the 3’ sides of all deoxynucleotides.

ppp*A + pppC + pppG+ pppT

PP, DNApolymerase

... pCpT p* ApCpC p* ApGp* A p* ApTp---

H20 Spas I
soot Cp+ Tp*+ Ap+ Cp+ Cp* + Ap+ Gp* + Ap*+ Ap+ Tpt---

In this example, therelative frequencies of occurrence of
ApA, CpA, GpA, and TpA in the DNA can be deter-
mined by measuring the relative amounts of Ap*, Cp*,
Gp*, and Tp*, respectively, in the product. Therelative
frequencies with which the other 12 dinucleotides occur
may likewise be determined by labeling, in turn, the
other 3 nucleoside triphosphates in the above reactions.
There are equivalencies between the amountsofcertain
pairs of dinucleotides. However, the identities of these
equivalencies depend on whether the DNA consists of
parallel or antiparallel strands. What are these equiva-
lences in both cases?

4, What would be theeffect of the following agents on the
melting curve of an aqueous solution of duplex DNA?
Explain. (a) Decreasing the ionic strength of the solution.
(b) Squirting the DNA solution, at high pressure,
through a very narroworifice. (c) Bringing the solution to
0.1M adenine.(d) Heating the solution to 25°C above the

*6.

*7,

10.

11.

12.

13.

DNA’s melting point and then rapidly coolin
below the DNA’s melting point. (e) Addee to °c
amountof ethanol to the DNAsolution, Ba Small

. What is the mechanism of alkaline denaty
DNA? Tation o¢

At Nat concentrations > 10M,the T,, of DNA dec
with increasing [Na*]. Explain this behavior.(4;
sider the solvation requirements of Na*.)

Teases
nt: Con.

Whyare the most commonly observed conformatio
the ribose ring those in whicheither atom C(2’) oyci of
out of the plane of the other four ring atoms, Hines
puckering a planarring such that one atomis out ofo
planeof the other four, the substituents about the bo e
opposite the out-of-plane atom remain eclipsed, Thins
best observed with a ball-and-stick model.) s

. Polyoma virus DNA can be separated by sedimentation
at neutral pH into three components that have sedimen.
tation coefficients of 20, 16, and 14.58 and which are
knownas TypesI,II, and III DNAs,respectively. These
DNAsall have identical base compositions and molecu-
lar masses. In 0.15M NaCl, both Types II and Ili DNAs
have melting curves of normal cooperativity and a T,, of
88°C. Type I DNA, however, exhibits a very broad melt-
ing curve and a T,, of 107°C. At pH 13, TypesI andII
DNAs have sedimentation coefficients of 53 and 16S,
respectively, and TypeII separates into two components
with sedimentation coefficients of 16S and 18S. How do

Types I, IL, and If] DNAsdiffer from one another? Ex-
plain their different physical properties.

. A closed circular duplex DNA has a 100 bp segmentof
alternating C and G residues. Upontransferto a solution
containinga high salt concentration, this segmentunder-
goes a transition from the B conformationto the Z con-
formation. Whatis the accompanying changeinits link-
ing number, writhing number, and twist?
You have discovered an enzymesecreted by a particu-
larly virulent bacterium that cleaves the C(2’)—CB)
bondin the deoxyribose residues of duplex DNA. What
is the effect of this enzyme on supercoiled DNA ?
$V40 DNAisa circular molecule of 5243 bp thatis 40%
G+C.In the absence of sequence information, ne
manyrestriction cuts would Tagl, EcoRI, Pstl, and we.
be expected to make in SV40 DNA? (Figure 28-49 in :
cates the numberofrestriction cuts that these enzy™°
actually make.)

A bacterial chromosome consists of a protein-DN?
complexin whichits single DNA molecule appears ee
supercoiled as demonstrated by ethidium bromide cular
tion. However, in contrast to the case with naked cif mal

duplex DNA,thesingle-strand nicking of chromoso™this

DNAdoesnotabolish this supercoiling. What oem
indicate aboutthe structureof the bacterial chrom

thatis, how doits proteins constrain its DNA? rable
Which of the restriction endonucleases listed on js0”
28-5 produce blunt ends? Which sets of them *ons"
schizomers(enzymesthat have the same rec?
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44.

15.

16.

17,

uence but do not necessarily cleave at the same sites;
Greek: isos, equal; schizein, to cut); which of them are
jsocaudamers (enzymes that produce identical sticky
ends: Latin: cauda,tail)?

In investigating a newly discoveredbacterial species that
inhabits the sewers of Berkeley, you isolate a plasmid
which you suspectcarries genes that confer resistance to
several antibiotics. To characterize this plasmid you de-
cide to makeits restriction map. The sizes of the plas-
mid’s restriction fragments, as determined from their
electrophoretic mobilities on agarose gels, are given in
the following table. From the data, constructthe restric-
tion mapof the plasmid.

Sizes of Restriction Fragments from a

 

Plasmid DNA

Restriction Fragment Sizes
Enzymes (kb)

EcoRI 5.4

HindIll 2.1, 1.9, 1.4
Sall 5.4

EcoRI + HindIII 2.1, 1.4, 1.3, 0.6
EcoRI + Sall 3.2, 2.2

Hindlll + Sail 1.9, 1.4, 1.2, 0.9 

Figure 28-70 pictures an autoradiograph of the sequenc-
ing gel of a Haelll restriction fragment from the E. coli
K12 gene that codes for dihydrofolate reductase. The
DNA wastreated according to the chemical cleavage
method of DNA sequencing after being **P labeled atits
3’ end. Read the sequenceofthe first 50 bases from the
bottom of the gel.

How manyyeast DNA fragments of average length 5 kb
must be cloned in order to be 90, 99, and 99.9% certain

that a genomiclibrary containsa particular segment? The
yeast chromosomeconsists of 13,500 kb.

Manyof the routine operationsin genetic engineeringare
carried out using commercially available “kits.” Genbux
Inc., a prospective manufacturer of such kits, has asked
your advice on thefeasibility of supplying a kit of intact A
phage cloning vectors with the nonessential central sec-
tion of their DNA already removed. Presumably a “gene
jockey” could then grow the required amountof phage,
isolate its DNA,andrestriction cleave it without having
to go to the effort of separating out the central section.
Whatadvice would you give the company?

Chapter 28. Nucleic Acid Structures and Manipulation 851

Figure 28-70
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[From Smith, D. R. and Calvo, J. M., Nuclei Acids Res. 8,
2268 (1980).]
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1. The Role of RNAin Protein Synthesis

A. Enzyme Induction

B. Messenger RNA

2. RNA Polymerase

. EnzymeStructure

. Template Binding
. Chain Initiation

. Chain Elongation

. Chain Termination

. Eukaryotic RNA Polymerases

nmogdoom>
3. Control of Transcription in Prokaryotes

A. Promoters

B. lac Repressor

C. Catabolite Repression: An Example of Gene Activation
D. araBAD Operon: Positive and Negative Control by the

Same Protein

. trp Operon: Attenuation

F. Regulation of Ribosomal RNA Synthesis: The

Stringent Response

m

4. Post-Transcriptional Processing

A. Messenger RNA Processing

B. Ribosomal RNAProcessing

C. Transfer RNA Processing
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There are three major classes of RNA,all of which
participate in protein synthesis: ribosomal RNA
(rRNA), transfer RNA (tRNA), and messenger RNA
(mRNA). All of these RNAsare synthesized underthe
direction of DNA templates, a process knownastran-
scription.

RNA’s involvementin protein synthesis becameevi-
dentin the late 1930s through investigations by Torb-
jorn Caspersson and Jean Brachet. Caspersson, using
microscopic techniques, found that DNA is confined
almost exclusively to the eukaryotic cell nucleus,
whereas RNA occurslargely in the cytosol. Brachet,
who Had devised methodsfor fractionating cellular or-
ganelles, came to similar conclusions based on direct
chemical analyses. He found,in addition, that the cyto-
solic RNA-containing particles are also protein rich.
Both investigators noted that the concentration of these
RNA-protein particles (which were later named ribo-
somes) is correlated with the rate that a cell synthesizes
protein,inferring a relationship between RNA and pto-
tein synthesis. Indeed, Brachet even suggested that the
RNA-protein particles are the site of protein synthesis.

Brachet’s suggestion was shownto be valid when
radioactively labeled amino acids became available 1"
the 1950s. A short timeafter injecting a rat with a Jar
beled aminoacid, most ofthe label that had been incor
porated in proteins was associated with ribosomes.This
experimentalso established that protein synthesis 15 not
immediately directed by DNAbecause, at least in eukary
otes, DNA and ribosomes are never in contact.

 



65

ect
to-

ch.
ese

bo-
zes
ro-

the

yen

> in

"his

 
Replication

 
Translation

Figure 29-1 ; ;
The central dogma of molecularbiology. Solid arrows
indicate the types of genetic information transfers that occur
in all cells. Special transfers are indicated by the dashed
arrows: RNA-directed RNA polymerase occurs bothin
certain RNA viruses and in someplants (whereit is of
unknown function); RNA-directed DNA polymerase (reverse
transcriptase) occurs in other RNA viruses; and DNAdirectly
specifying a protein is unknown but does not seem beyond
the realm of possibility. However, the missing arrows are
information transfers the central dogma postulates never
occur: protein specifying either DNA, RNA,or protein. In
other words, proteins can only be recipients of gentic
information. [After Crick, F., Nature 227, 562 (1970).]

In 1958, Francis Crick summarized the then dimly
perceived relationships among DNA, RNA,andprotein
in a flow schemehedescribed as the central dogma of
molecular biology: DNA directs its ownreplication andits
transcription to RNA which, in turn, directs its translation
to proteins (Fig. 29-1).

The peculiar use of the word “dogma,” one defini-
tion of which is a religious doctrine that the true
believer cannot doubt, stemmed from a misunder-
standing. WhenCrick formulated the central dogma,
he was underthe impression that dogma meant“an-——
idea for which there was no reasonable evidence.”

Webeginthis chapter by discussing experiments that
d to the elucidation of mRNA’scentralrole in protein

Synthesis. We then study the mechanism of transcrip-
tion andits control in prokaryotes. Finally, in the last
‘ection, we consider post-transcriptional processing of
th Ain both prokaryotes and eukaryotes. Translation is

© subject of Chapter 30.

le

l. THE ROLE OF RNA IN
PROTEIN SYNTHESIS

Proteins are specified by mRNAandsynthesized on ribo-
i This idea arose from the study of enzymein-

f Bs a phenomenonin whichbacteria vary the syn-
S rates of specific enzymes in response to

 

So
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environmental changes. Weshall see below that enzyme
induction occurs as a consequence of the regulation of
mRNA synthesis by proteins that specifically bind to the
mRNA‘s DNA templates,

A. EnzymeInduction

E. coli can synthesize an estimated 3000 different
polypeptides (Section 27-1D). There is, however, enor-
mousvariation in the amountsof these different poly-
peptides that are produced. For instance, the various
ribosomalproteins may each be presentin over 10,000
copies percell, whereascertain regulatory proteins (see
below) normally occur in <10 copies per cell. Many
enzymes, particularly those involved in basic cellular
“housekeeping”functions, are synthesized at a more or
less constantrate; they are called constitutive enzymes.
Other enzymes, termed adaptive or inducible en-
zymes, are synthesizedat rates that vary with thecell’s
circumstances.

Lactose-Metabolizing Enzymes Are Inducible
Bacteria, as has been recognized since 1900, adapt to

their environments by producing enzymes that metabo-
lize certain nutrients, for example, lactose, only when
those substancesare available. E. coli grown in the ab-
sence oflactoseareinitially unable to metabolize this
disaccharide. To do so they require the presence of two
proteins: f-galactosidase, which catalyzes the hydroly-
sis of lactose to its component monosaccharides;

CH,OH CH,OH
HO O ‘H O. OH

H O H
OH #H OH H

H H H

H OH H OH
Lactose

B-galactosidase

 
CH,OH

H O. OH
H

* OH #H
HO H

H OH H OH

Galactose Glucose

and galactoside permease(also knownaslactose per-
mease; Section 18-4B), whichtransportslactose into the
cell. E. coli grownin the absenceof lactose contain only a
few moleculesoftheseproteins. Yet, a few minutesafter
lactose is introduced into their medium, E. coli increase
the rate at which they synthesize these proteins by
~1000-fold and maintain this pace until lactose is no
longeravailable. The synthesis rate then returnstoits
original minisculelevel(Fig. 29-2). This ability to produce
4 series of proteins only when the substances they metabo-
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Figure 29-2
The induction kinetics of £-galactosidasein E. coli. [After
Cohn, M., Bacteriol. Rev. 21, 156 (1957).]

lize are present permits bacteria to adaptto their environ-
ment without the debilitating need to continuously synthe-
size large quantities of otherwise unnecessary substances.

Lactose or one of its metabolic products must some-
howtrigger the synthesis of the aboveproteins. Such a
substance is known as an inducer. The physiological
inducer of the lactose system, the lactose isomer 1,6-
allolactose,

CH,OH CHyHO O on|O. OH
H H
OH H OH H

HO H

H OH H OH
1,6-Allolactose

arise’s from lactose’s occasional transglycosylation by
B-galactosidase. Moststudies of the lactose system use
isopropylthiogalactoside (IPTG),

CH,OH Gs
HO O. s—C—H

H |

OH H CHs
H

H OH

Isopropylthiogalactoside (IPTG)

a potentinducer that structurally resembles allolactose
but which is not degraded by f-galactosidase.

Lactose system inducers also stimulate the synthesis
of thiogalactoside transacetylase, an enzyme that, in
vitro, transfers an acetyl group from acetyl-CoAto the
C(6)-OH group of a f-thiogalactoside such as IPTG.
Since lactose fermentation procedes normally in the ab-
sence of thiogalactoside transacetylase, however, this
enzyme’s physiological role is unknown.
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lac System Genes Form an Operon
The genes specifying wild-type B-galactosi4

lactoside permease, and thiogalactoside trang ASE, pa.
are designated Z*, Y*, and At, respective] Acetylace
mapping of the defective mutants Z~, y-, and deenetic
cated thatthese lac structural genes(genes tha;
polypeptides) are contiguously arranged on the
chromosome(Fig. 29-3; genetic mappingis rey;
Section 27-1). These genes, together with the co
ments P and O, form a genetic unit called an operon Sper
ically the lac operon. The nature of the contro] ele Pecif.
is discussed below. Therole of operons in proken
gene expression is examined in Section 29-3 "Yotic

Decity
E. coi

€wed 7

Ntro] ele.

lac Repressor Inhibits the Synthesis of lac Operon
Proteins

An important clue as to how E.coli synthesizes pro-
tein was provided by a mutationthatcausestheproteins
of the lac operonto be synthesized in large amountsin
the absenceof inducer. This so-called constitutive my.
tation occurs in a gene, designatedI, thatis distinct from
although closely linked to the genes specifying the lac
enzymes (Fig. 29-3). Whatis the nature of the I gene
product? This riddle was solved through an ingeneous
experiment performed by Arthur Pardee, Francois
Jacob, and Jacques Monod. Hfr bacteria of genotype
1*Z+ were matedto an F™ strain of genotype I~Z~in the
absenceof inducer while the f-galactosidase activity of
the culture was monitored (Fig. 29-4; bacterial mating is
described in Section 27-1D). At first, as expected, there
was no f-galactosidaseactivity because the Hfr donors
lacked inducer and the F~ recipients were unable to
produce active enzyme (only DNApasses through the
cytoplasmic bridge connecting mating bacteria). About
1h after conjugation began, however, when the 1*Zt
geneshad just entered the F™cells, f-galactosidase syn-
thesis began andonly ceased after about another hour.
The explanation for these observationsis that the do-
nated Z+ gene, upon entering the cytoplasm of the r
cell, directs the synthesis of f-galactosidase in a consti-
tutive manner. Only after the donated I* gene has had
sufficient time to be expressedis it able to repress f-ga-
lactosidase synthesis. The I+ gene must therefore give rise

  
 

  

 
 Regulatory | Control

~— gene>| sites >|* Structural genes

~—___—————— Lactose operon 
Figure 29-3 .
A genetic mapofthe E. coli genes encoding theproteins
mediating lactose metabolism and the genetic sites that ely
control their expression. The Z, Y, and A genes, respecte”
specify 6-galactosidase, galactoside permease, an
thiogalactoside transacetylase.
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Figure 29-4 neniThe appearance of f-galactosidase in the transientmerozygotes (partial diploids) formed by mating i*Z+ Hfr
donors with a [-Z- F- recipients. The F- strain wasalso
resistant to both bacteriophage T6 and streptomycin,
whereas the Hfr strain was sensitive to these agents. Both
types of cells were grown and matedin the absence ofinducer. After sufficient time had passed for the transfer of
the lac genes, the Hfr cells were selectively killed by the
addition of T6 phage and streptomycin. In the absence of
inducer (lower curve), -galactosidase synthesis commenced
at around the time that the lac genes had entered the F-
cells and continued for ~ 1 h.If inducer was added shortly
after the Hfr donors had been killed (upper curve), enzyme
synthesis continued unabated. This demonstrates that the
cessation of f-galactosidase synthesis in uninducedcells is
not dueto theintrinsic loss of the ability to synthesize this
enzyme. [After Pardee,A. B., Jacob, F., and Monod,J., J.
Mol. Biol. 1, 173 (1959).]

toa diffusible product, the lac repressor, which inhibits the
synthesis of B-galactosidase (and the other lac proteins).
Inducers such as IPTG temporarily inactivate lac repres-
sor, whereas I~ cells constitutively synthesize lac en-
zymes because they lack a functional repressor. Lac re-
pressor, as we shall see in Section 29-3B,is a protein,

B. Messenger RNA
The nature of the lac repressor’s target molecule was

deduced in 1961 through a penetrating genetic analysis
by Jacob and Monod.A secondtypeof constitutive mu-
tation in the lactose system, designated O° (for operator
‘onstitutive), which complementation analysis indi-
cated to be independentof the I gene, maps between the

— fanz genes(Fig. 29-3). In the partially diploid F’ strain
Pie/F O+Z+, B-galactosidaseactivity is inducible by; G whereasthe strain O° Z+/F O*Z~ constitutively
eanesizes this enzyme(in F’ bacteria, the F factor plas-
§ : contains a segmentof the bacterial chromosome, inS case a portion of the lac operon; Section 27-1D). An

8ene can therefore only controlthe expression ofaZ geneon . .
. the same chromosome. The sameis true with the yt
Nd At genes.
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Jacob and Monod’s observations led them to conclude
the proteins are synthesized in two-stage process:
1. The structural genes on DNAare transcribed onto

complementary strands of messenger RNA (mRNA).
2. The mRNAstransiently associate with ribosomes,

which they direct in polypeptide synthesis.
This hypothesis explains the behavior of the lac system.
(Fig. 29-5). In the absenceof inducer, the lac repressorspe-
cifically binds to the O gene (the operator) so as to physi-
cally block the enzymatic transcription of mRNA. Upon
binding inducer, the repressor dissociates from the operator
thereby permitting the transcription and subsequent trans-
lation of the lac enzymes. The operator—repressor—
inducer system thereby acts as a molecular switch so
that the lac operator can only control the expression of
lac enzymes on the same chromosome. The O* mutants
constitutively synthesize lac enzymes because they are
unable to bind repressor. The coordinate (simulta-
neous) expression ofall three lac enzymes under the
control of a single operatorsite arises, as Jacob and
Monod theorized, from the transcription of the lac

(a) Absenceof inducer|

Operator lac operon —————_ 
I mRNA operator, preventing

Repressor binds to

transcription of Jae operon 

 
 = .

Repressor

(b) Presenceof inducer

  
Inducer B-Galactosidase /

Permease

> Trans-acetylase

Transcription and
translation of
lac structural genes

Inducer-repressor

complex does not
bind to operator

Figure 29-5
The expressionin the fac operon. (a) In the absenceof
inducer, the repressor, the product of the / gene, binds to
the operator thereby preventing transcription of the /ac
operon. (b) Upon binding inducer, the repressor dissociates
from the operator, which permits the transcription and
subsequenttranslation of the fac structural genes to proceed.
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856 Section 29-2. RNA Polymerase

operon as a single polycistronic mRNA which directs
the ribosomal synthesis of each of these proteins. This
transcriptional control mechanism is further discussed
in Section 29-3. [Pairs of DNA sequences, which are on
the same DNA molecule, are said to be in cis (Latin: on
this side) while those on different DNA molecules are
said to be in trans (Latin: across). Control sequences
such as the O gene, whichare only active on the same
DNA moleculeas the genes they control, are called cis-
acting elements. Those suchaslacl, which specify the
synthesis of diffusible products and can therefore be
located on a different DNA molecule from the genes
they control, are said to direct the synthesis of trans-
acting factors.]

mRNAsHaveTheir Predicted Properties
The kinetics of enzyme induction, as indicated, for

example,in Figs. 29-2 and 29-4, requires that the postu-
lated mRNAbe both rapidly synthesized and rapidly
degraded. An RNA with such quick turnover had, in
fact, been observed in T2-infected E. coli. Moreover, the
base composition of this RNA fraction resembles thatof
the viral DNA rather than that of the bacterial RNA.

Ribosomal RNA, which comprises up to 90%of a cell’s
RNA,turns over much more slowly than mRNA.Ribo-
somesare therefore not permanently committed to the
synthesis of a particular protein (a once popular hy-
pothesis). Rather, ribosomes are nonspecific protein syn-
thesizers that produce the polypeptide specified by the
mRNA with whichthey are transiently associated. A bacte-
rium can therefore respond within a few minutes to
changesin its environment.

Evidence favoring the Jacob and Monod modelrap-
idly accumulated. Sydney Brenner, Jacob, and Matthew
Meselson carried out experiments designed to charac-
terize the RNA that E. coli synthesized after T4 phage
infection.E. coli were grown in a medium containing °N
and "°C so as to label all cell constituents with these

heavy isotopes. The cells were then infected with T4
phages and immediately transferred to an unlabeled
medium (which contained only the light isotopes 4N
and '2C)so that cell components synthesized before and
after phage infection could be separated by equilibrium
density gradient ultracentrifugation in CsCl solution.
No “light” ribosomes were observed, which indicates,
in agreement with the above mentioned T2 phagere-
sults, that no new ribosomesare synthesizedafter phage
infection.

The growth mediumalso containedeither *P or °S so
as to radioactively label the newly synthesized and pre-
sumably phage-specific RNA andprotein, respectively.
Muchof the 32P-labeled RNA wasassociated, as was
postulated for mRNA,with the preexisting “heavy”ri-
bosomes(Fig. 29-6). Likewise, the *°S-labeled proteins
weretransiently associated with, and therefore synthe-
sized by, these ribosomes.
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Figure 29-6

Thedistribution, in a CsCl density gradient, of P-labeled
RNAthat had been synthesized by E. coli after T4 phage
infection. Free RNA,being relatively dense, bands at the
bottom of the centrifugation cell (/eft). Much of the RNA
however, is associated with the '=N- and '8C+abeleq
“heavy” ribosomes that had been synthesized before the
phageinfection. The predicted position of unlabeled “ight”
ribosomes, which are not synthesized by phage-infected
Cells, is also indicated. [After Brenner, S., Jacob, F., and
Meselson, M., Nature 190, 579 (1961).]

Sol Spiegelman developed the RNA-DNAhybridi-
zation technique (Section 28-3A)in 1961 to characterize
the RNA synthesized by T2-infected E. coli. He found
that this phage-derived RNA hybridizes with T2 DNA
(Fig. 29-7) but neither does so with DNAsfrom unre-
lated phage nor with the DNA from uninfected E.coli.
This RNA musttherefore be complementary toT2 DNA
in agreement with Jacob and Monod’s prediction; that
is, the phage-specific RNA is a messenger RNA. Hy-
bridization studies have likewise shown that mRNAs

from uninfectedE. coli are complementary to portions of
E. coli DNA.In fact, other RNAs,such as transfer RNA
and ribosomal RNA, have corresponding complemen-
tary sequences on DNAfrom the sameorganism. Thus,
all cellular RNAsare transcribed from DNA templates.

2. RNA POLYMERASE ee

RNA polymerase, the enzymeresponsible for the
DNA-directed synthesis of RNA, was discovered ing
pendently in 1960 by Samuel Weiss and Jerardi
The enzyme couples together the ribonucleoside tr'P na
phates ATP, CTP, GTP, and UTP, on DNA templatee hy-
reaction that is driven by the release and subsequen
drolysis of PP;:

(RNA)n residues + NTP <= (RNA), +1 residues *
Nucleoside

triphosphate

PP;
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Figure 29-7
The hybridization of **P-labeled RNA produced by T2-
infected E. coli with H-labeled T2 DNA. Uponradioactive
decay, *2P and 3H emit 8 particles with characteristically
different energies so that these isotopes can be
independently detected. Although free RNA(left) in a CsCl
density gradient is denser than DNA, much of the RNA
bands with the DNA(right). This indicates that the two
polynucleotides have hybridized and are therefore
complementary in sequence. [After Hall, B. D. and
Spiegelman, S., Proc. Natl. Acad. Sci. 47, 144 (1961).]

All cells contain RNA polymerase. In bacteria, one
species of this enzymesynthesizesall of the cell’s RNA
except the short RNA primers employed in DNArepli-
cation (Section 31-1D). Various bacteriophages gener-
ate RNA polymerases that synthesize only phage-spe-
cific RNAs. Eukaryotic cells contain four or five RNA
polymerases, that each synthesize a different class of
RNA.In this section wefirst concentrate on the proper-
ties of the E. coli enzymebecauseit is the best character-
ized RNA polymerase; other bacterial RNA polymerases
have similar properties. We then consider the eukaryotic
enzymes.

A. EnzymeStructure
E. coliRNA polymerase’s so-called holoenzymeis an

~480-kD protein with subunit composition a,ff'o.
Once RNA synthesis has been initiated, however, the o
Subunit (also called o factor) dissociates from the core
“nzyme,a,8’, whichcarries out the actual polymeriza-
°n process (see below). The f’ subunit contains two

sfoms of Zn?* which are thoughtto participate in the
zyme’s catalytic function. The active enzymealsore-

Wires the presence of Mg?*.
¢ The holoenzyme, whichis amongthe largest known
Oluble enzymes, is ~ 100 A in diameter, which renders

Chapter 29. Transcription 857

it visible in electron micrographs (Fig. 29-8); these
clearly indicate that RNA polymerase binds to DNA asa
protomer. The large size of the holoenzymeis presum-
ably required by its several complex functions that in-
clude (1) template binding, (2) RNA chaininitiation, (3)
chain elongation, and (4) chain termination. We discuss
these various functions below.

B. Template Binding

RNA synthesis is normally initiated only at specific sites
on the DNA template. This was first demonstrated
through hybridization studies of bacteriophage @X174
DNAwith the RNA produced by 6X174-infectedE.coli.
Bacteriophage $X174 carries a single strand of DNA
knownasthe “plus” strand. Uponits injection into E.
coli, the plusstranddirects the synthesis of the comple-
mentary “minus” strand with which it combines to form
a circular duplex DNA knownasthe replicative form
(Section 31-3B). The RNA produced by X174-infected
E. coli does not hybridize with DNA from intact phage
but does so with the replicative form. Thus only the
minus strand of @X174 DNA, the so-called sense
strand,is transcribed, thatis, acts as a template; the plus
strand, the antisense strand, does not do so. Similar

studies indicate that in larger phages, such as T4 and 4,
the two viral DNAstrands are the sense strands for

different sets of genes. The same appearsto be true of
celiular organisms.

 
Figure 29-8
An electron micrograph of E. coli RNA polymerase
holoenzyme attached to various promotersites on
bacteriophage T7 DNA.[From Williams, R. C., Proc. Natl.
Acad. Sci. 74, 2313 (1977).]
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HoloenzymeSpecifically Binds to Promoters
RNApolymerase bindsto its initiation sites through base

sequences known as promotersthat are recognized by the
corresponding a factor. The existence of promoters was
first recognized through mutations that enhanceor di-
minish the transcription rates of certain genes including
those of the lac operon. Genetic mapping of such muta-
tions indicated that the promoter consists of an ~40 bp
sequence that is located on the 5’ side of the transcription
startsite. [By convention, the sequence of template DNA
is represented by its antisense (nontemplate) strand so
that it will have the same directionality as the tran-
scribed RNA. A base pair in a promoter region is as-
signed a positive or negative numberthat indicatesits
position, upstream or downstream in the direction of
RNApolymerasetravel, from the first nucleotide thatis
transcribed to RNA;this start site is +1 and there is no 0.]
RNA,as weshall see, is synthesized in the 5’— 3’ direc-
tion (Section 29-2D). Consequently, the promoterlies
on the “upstream” side of the RNA’sstarting -nucleo-
tide. Sequencing studies indicate that the lac promoter
(lacP) overlaps the lac operator (Fig. 29-3).

The holoenzyme forms tight complexes with pro-
moters (dissociation constant K ~ 10~14M) and thereby
protects the bound DNA segments from digestion by
DNaseI. The region from about — 20 to + 20 is protected
against exhaustive DNaseI degradation. The region ex-
tending upstream to about — 60 is also protected but toa

 
 
 
 
 

  

lesser extent, presumably becauseit binds holoenzyy,
less tightly. €

Sequence determinations of the protected Tegio
from numerousE. coli and phage genes have TeVealeq
the “consensus” sequence of E. coli promoters (Fi
29-9). Their most conserved sequenceis a hexamer centere
at aboutthe — 10 position known as the Pribnow box (after
David Pribnow who pointedoutits existence in 1975) jy has
a consensus sequence of TATAATin which the leadin:
TA andfinal T are highly conserved. Upstream sequenc7
aroundposition — 35 also have a region ofsequence Similar.
ity, TCTTGACAT, which is most evident in efficient
promoters, The initiating (+1) nucleotide, which is
nearly always A or G,is centered in a poorly conserved
CAT or CGT sequence located 5 to 8 bp downstream
from the Pribnow box. Most promoter sequences va
considerably from the consensus sequence (Fig. 29-9)
Nevertheless, a mutation in one of the partially con-
served regions can greatly increase or decrease a pro-
moter’sinitiation efficiency. The rates at which genes are
transcribed, which span a range of at least 1000, varies
directly with the rate that their promoters form stable inj-
tiation complexes with the holoenzyme.

Initiation Requires the Formation of an Open
Complex

The promoter regions in contact with the holoenzyme
havebeenidentified by determining where the enzyme

 

 
 

Operon —85 region Pribnow box Initiation
(-10 region) site (+1)

lac TGCTTCCGGCTCGTATGTTGTGTGRAATTGTGAGCGG
lacI TTCGCGGTATGGCATGATAGCGCCCEGAAGAGAGTC
galP2 'TCGCATCTTTGTE TGCTATGGTTATTTCATACCAT
araBAD TATCGCAACTCTCT, .CTGTTTCTCCATACCCGTTTTT
araC ITGTTACGCGTTTTTG CATGGCTTTG@TCCCGCTTTG
trp TCATCGAACTAGTT Al SAGTACGCAAGTTCACGTA
bioA TTAATTCGGTGTAGAG' TGTAAACCTAAATCTTTT
bioB ATTGAAAAGATTTAGGTTTACAAGTCPACACCGAAT
tRNA CGCGTCATTTGATAT ATGCGCCCCGCTTCCCGATA
rrnD1 AATTGGGATCCCTAT ATGCGCCTCCGTTGAGACGA
rrnE1 CGGAGAACTCCCTAT \ATGCGCCTCCATCGACACGG
rrnAl AGCGGGAAGGCGTATTATGCACACEECGCGCCGCTG

Initiation

-35 region Pribnow box site

rains ima ws f...11-15bp...? A T A A T...5-8bp....0Aa 7
q , 42 38 82 84 79 64 53 45 41 79 95 44 59 51 96 oot

ha i
eG.
ao)

Figure 29-9
The noncoding strand nucleotide sequencesof selected E.
coli promoters. The Pribnow box(red shading), a 6 bp
region centered around the — 10 position, and an 8 to 12 bp
sequence around the — 35 region (blue shading) are both
conserved. The transcriptioninitiation sites (+ 1), which in
most promoters occurs at a single purine nucleotide, are

shadedin green. The bottom row showsthe consensus
sequenceof 112 promoters with the number below @ac
baseindicating its percent occurrence. [After Rosenberg;
and Court, D., Annu. Rev. Genet. 13, 321-323 (1979).
Consensus sequence from Hawley, D. K. and McClure:
W.R., Nucleic Acids Res. 11, 2244 (1983).]
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me

me

alters the susceptibility of the DNAto alkylation by
nts such as dimethyl sulfate (DMS), a procedure

a ned footprinting (Section 33-3B). These experi-
na nts demonstrated that the holoenzymecontacts the

vomotel only around the Pribnow box and the —35
:on. Model building indicates that these protected

7tes are both on the sameside ofthe double helix which
rl gests that RNA polymerasebinds to only oneface of
ve double helical promoter.

DMS,in addition to methylating G residues at N(7)
and A residues at N(3) (Section 28-6B), methylates N(1)
of A and N(3) of C. Since these latter positions partici-

ate in base pairing interactions, however, they can only
react with DMSin single-stranded DNA.This differen-
tial methylation of single- and double-standed DNAs
rovides a sensitive test for DNAstrand separation or

“melting.” Footprinting studies indicate that the bind-
ing of holoenzyme “melts out” the promoter in an 11 bp
region extending from the middle of the Pribnow box to
just past the initiation site (— 9 to + 2). The need to form
this “open complex” explains why promoterefficiency
tends to decrease with the numberof G-C basepairsin
the Pribnow box; this presumably increases the diffi-
culty in opening the doublehelix as is required for chain
initiation (G-C pairs, it will be recalled, are stronger
than A-T pairs).

Core enzyme, which does not specifically bind pro-
moter, tightly binds duplex DNA(the complex’s dissoci-
ation constant is K ~ 5 X 10~!?M andits half-life is ~ 60

min). Holoenzyme,in contrast, binds to nonpromoter
DNA comparatively loosely (K~ 10~’M and half-life
>1s). Apparently, the o subunit allows holoenzymeto
move rapidly along a DNAstrand in search of the o
subunit’s corresponding promoter. Once transcription
has beeninitiated and the o subunitjettisoned, the tight
binding of core enzyme to DNAapparently stabilizes
the ternary enzyme-DNA-RNAcomplex.

C. Chain Initiation

The 5’-terminal base of prokaryotic RNAsis almost
always a purine with A occurring more often than G.
The initiating reaction of transcription is the coupling of
‘wo nucleoside triphosphates in the reaction

pppA + pppN == pppApN + PP;

Bacterial RNAstherefore have 5’-triphosphate groups
x was demonstrated by the incorporation of radioactive
bp into RNA when it was synthesized with
th JATP. Only the 5’ terminus of the RNA canretain

© label because the internal phosphodiester groups of
ci are derived from the a-phosphate groups of nu-
re triphosphates.

the Nce holoenzyme hasinitiated RNA transcription,
in factor dissociates from the core-DNA-RNA

Plex and can join with another core to form a new
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initiation complex. This is demonstrated by a burst of
RNAsynthesis upon the addition of core enzymeto a
transcribing reaction mixture that initially contained
holoenzyme.

Rifamycins Inhibit Prokaryotic Transcription
Initiation

Two related antibiotics, rifamycin B, which is pro-
duced by Streptomyces mediterranei, and its semisyn-
thetic derivative rifampicin,

CH, CH,

 
RifamycinB R,=CH,COO; R.=H

+/_\

Rifampicin R,=H; Rg=CH=N N—CH,\/

specifically inhibit transcription by prokaryotic, but not
eukaryotic, RNA polymerases.Thisselectivity and their
high potency (bacterial RNA polymerase is 50%inhib-
ited by 2 X 107*M rifampicin) has made them medically
useful bacteriocidal agents against gram-positive bacte-
ria and tuberculosis. The isolation of rifamycin resistant
mutants whose f subunits have altered electrophoretic
mobilities indicates that this subunit containsthe rifa-

mycin-binding site. Rifamycinsneither inhibit the bind-
ing of RNA polymerase to the promoter nor the forma-
tion ofthefirst phosphodiester bond, but they prevent
further chain elongation. The inactivated RNA poly-
merase remains boundto the promoter thereby blocking
its initiation by uninhibited enzyme. Once RNAchain
initiation has occurred, however, rifamycins have no
effect on the subsequent elongation process. The rifa-
mycinsare usefulresearch tools because they permit the
transcription process to be dissected into its initiation
andits elongation phases.

D. Chain Elongation
Whatisthe direction of RNA chain elongation; thatis, |

doesit occur by the addition of incoming nucleotides to
the 3’ end ofthe nascent (growing) RNA chain (5’ — 3’
growth;Fig. 29-102), or by their addition to its 5’ termi-
nus (3’ — 5’ growth; Fig. 29-10b)? This question was
answered by determining the rate that the radioactive
label from [y-°?P]GTP is incorporated into RNA. The
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(a)

Ny No N, Neat Ny No N, Ny at

t+- OH OH — OH OH t- OH OH — OH OH
+

— OH OH > N OH + py
Ppp Pp pees Ppp ppp Pp Pee Pp

5' —— 3' growth

(0)
Naat N, Np Ny N, +1 N, No Ny,

OH H— OH OH};OH OH OH |— OH
+ ———>

OH — OH IN OH + PP,
ppp Ppp pers Pp Ppp Pp pes p

3' —— 5' growth

Figure 29-10
The two possible modes of RNA chain growth: (a) by the
addition of nucleotides to the 3’ end, and (b) by the addition

ratio of *2P to total nucleotide was highest just after
chain initiation and decreased with time thereby indi-
cating that the 5’-terminal pppG wasincorporated into
the RNAchainfirst rather than last. Chain growth must
therefore occur in the 5’ —> 3’ direction (Fig. 29-10a). This
conclusion is corroborated by the observation that the
antibiotic cordycepin,

NH»

N~ N

LJ y
N N

HOCH: o
H HH

H H

H O#8

Cordycepin
(3'-deoxyadenosine)

an adenosine analog that lacks a 3’-OH group,inhibits
bacterial RNA synthesis. Its addition to the 3’ end of
RNA,as is expected for 5’ — 3’ growth, prevents the
RNAchain’s further elongation. Cordycepin would not
havethis effect if chain growth occurred in the opposite
direction because it cannot be appended to an RNA’s5’
end.

Transcription Probably Supercoils DNA
RNA chain elongation requires that the double-

stranded DNA template be opened up at the point of
RNAsynthesis so that the sense strand can betran-

of nucleotides to the 5’ end. RNA polymerasecatalyzes the
former reaction.

scribed onto its complementary RNAstrand.In doing
so, the RNA chain only transiently formsa short length
of RNA-DNAhybrid duplex as is indicated by the ob-
servation that transcription leaves the template duplex
intact and yields single-stranded RNA. The unpaired
“bubble” of DNAin the openinitiation complex appar-
ently travels along the DNA with the RNA polymerase.
There are two waysthis might occur (Fig. 29-11):

1. If the RNA polymerasefollows the template strandin
its helical path around the DNA, the DNA would
build uplittle supercoiling because the DNA duplex
would never be unwound by more than abouta turn.
However, the RNA transcript would wrap around
the DNA,once per duplex turn. This model is im-
plausiblesinceit is unlikely that its DNA and RNA
could be readily untangled: The RNA would not
spontaneously unwind from the long and often ci”
cular DNAin anyreasonable time, and no topo!s”
merase is known to accelerate this process.

2. If the RNA polymerase movesin a straightline while
the DNArotates, the RNA and DNA would not be-
come entangled. Rather, the DNA’s helical tum?
would be pushed ahead of the advancing transcP”
tion bubble so as to more tightly wind the V\""
ahead of the bubble (which promotespositive supe
coiling) while the DNAbehindthe bubble wouldP°
equivalently unwound (which promotes ne8@ aA
supercoiling, although notethatthe linking nU™ 1is
of the entire DNA remains unchanged). This mode:
supported by the observations that the transcript ‘J
of plasmidsin E. coli causes their positive superce
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Nascent RNA

Figure 29-11
RNAchain elongation by RNA polymerase.In the region
being transcribed, the DNA double helix is unwound by
about a turn to permit the DNA’s sense strand to form a
short segment of DNA~-RNA hybrid double helix with the
RNA’s 3’ end. As the RNA polymerase advances along the
DNAtemplate (here to the right), the DNA unwinds ahead of
the RNA’s growing 3’ end and rewinds behind it thereby
stripping the newly synthesized RNA from the sensestrand.
(a) One way this might occur is by the RNA polymerase
following the path of the sense strand about the DNA
double helix in which case the transcript becomes wrapped

ing in gyrase mutants (which cannotrelax positive
supercoils; Section 28-5C) and their negative super-
coiling in topoisomerase I mutants (which cannot
telax negative supercoils).

Whateverthecase, recall that inappropriate superheli-
city halts transcription (Section 28-5C). Perhapsthe tor-
Sionaltension in the DNA generatedby negative super-
helicity behind the transcription bubble is required to
help drive the transcriptional process, whereas too
Much such tension prevents the opening and mainte-
Nance of the transcription bubble.

Transcription Occurs Rapidly and Accurately
_Thein vivo rate of transcription is 20 to 50 nucleo-

tides/s at 37°C as indicated bytherate that E. coli incor-
Porate °H-labeled nucleosides into RNA (cells cannot
ake up nucleoside triphosphates from the medium).
. Ree an RNA polymerase molecule hasinitiated tran-
Ruption and moved away from the promoter, another

A polymerasecanfollow suit. The synthesis of RNAs
at are neededin large quantities, ribosomal RNAs, for

& tgs : ; :‘ample, are initiated as often as is sterically possible,
\ out once per second (Fig. 29-12).
\ Theerror frequency in RNA synthesis, as estimated

\

~— Underwinding
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DNAsensestrand

(3'—~ 5')
 

  

  
 
 

Transcription
bubble

DNA sense strand

Transcription
bubble

Overwinding —»

about the DNA once per duplex turn. (b) A second, and
more plausible possibility, is that the RNA movesin a
straight line while the DNA rotates beneathit. In this case
the RNA would not wrap around the DNA but the DNA
would become overwound ahead of the advancing
transcription bubble and unwoundbehindit (consider the
consequencesof placing your finger between the twisted
DNAstrandsin this model and pushing towardstheright).
The model presumesthat the ends of the DNA as well as the
RNA polymerase, are prevented from rotating by
attachments within thecell (black bars). [After Futcher, B.,
Trends Genet. 4, 271, 272 (1988).]

 
Bacterial
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 Termination -#\

site { 

Figure 29-12
An electron micrograph and its interpretive drawing of two
contiguous E. coli ribosomal genes undergoing transcription.
The “‘arrowhead”’ structures result from the increasing
lengths of the nascent RNA chains as the RNA polymerase
molecules synthesizing them move fromthe initiation site on
the DNAto the termination site. [Courtesy of Oscar L. Miller,
Jr., University of Virginia.]
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Figure 29-13
The structure of a complex of daunomycin with the self-
omplementary hexanucleotide d(CGTACG). Each double

lical fragment binds two daunomycin molecules by
intercalation between its G-C pairs to form a complex with
twofold rotational symmetry. (a) A space-filling
representation of the complex showing the upper
daunomycin’s amino sugar extending into the minor grooveof the double helix and the edge of the lower daunomyucin’s
intercalated ring. The daunomycin molecules are colored

from theanalysisof transcripts of simple templateS
as poly[d(AT)] - poly[d(AT)], is one wrongbaseing Uch
rated for every ~ 10‘ transcribed. This rateis toleran .
because of the repeated transcription of most ger le
because the genetic code contains numerous synony.”
(Section 30-1E), and because aminoacid substitutions®
proteins are often functionally innocuous, m

Intercalating Agents Inhibit Both RNA and DNA
Polymerases

Daunomycin and the closely related adriamycin

0 OB I
cZe

<._~CHR

CH,O O OH 0
H

H O

CH,
H 4H

HO H

NH; H
Daunomycin: R =H
Adriamycin: R=OH

 
green with purple oxygen atoms. [After a drawing provided
by Andrew Wang,Universityof Illinois.] (b) A view
perpendicular to the basesindicating the stacking of the
intercalated daunomycin ring system (green) with its
surrounding G:C pairs. The C1-G12 base pairis closer to
the viewer than the daunomycin ring system while the
G2-C11 basepair is farther away. [After Wang, A. H.-J.,
Ughetto, G., Quigley, G. J., and Rich, A., Biochemistry 26,
1155, 1157 (1987).]
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rich region rich region

gictt NN AAGCGCCGNNNNCCGGCGCTTTTTTNNN ++>
+ NNTT CGCGGCNNNNGGCCGCGAAAAAANNN =:

gree NNAAGCGCCGNNNNCCGGCGCUUUUUU- 0H 3'

which are valuable chemotherapeutic agents in the
treatment of certain humancancers, specifically bind to
duplex DNAso asto inhibit bothits transcription andits
replication. These antibiotics presumablyact by inter-
fering with the passage of both RNA polymerase and
DNApolymerase. The X-ray crystal structure of a com-
lex of daunomycin with the self-complementary hexa-

nucleotide d(CGTACG) reveals that daunomycin’s
planar aromatic ring system (rings B-D) is intercalated
between the G- C pairs at both endsof the doublehelical
fragment (Fig. 29-13). The nonplanar A ring extends
into the minor groove whereits side groupsstabilize the
complex through hydrogen bondinginteractions with
the DNA.

Actinomycin D,

  
0 O
l i

Hcy
HC—CH  Methyl-Val

HC’
x—~- CH,
¢ =O oO
He

H 3C—N Sarcosine
, CH 1a °

(~~?CH

Hag # Pro
CH, |

Hac, ¢ =O oO
aCH D-Val

H3C NH
9

LecH CH Thr
CH; NH
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Nw
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Actinomycin D
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(b) “Nw

1 |
N CcN 7

G+C

: C+G
3° DNA Cc.G
5: template G.c

C.G

RNA G.c
transcript

Ae JU

Ae JU

«+» NNNN UUUU-— OH 3’

Figure 29-14
The base sequence of a hypothetical strong (efficient)
terminator as deduced from the sequences of several
transcripts. (a) The DNA sequence together with its
corresponding RNA. The A- T-rich and G-C-rich sequences
are shownin blue and red, respectively. The twofold
symmetry axis (lenticular symbol) relates the flanking shaded
segments that form an inverted repeat. (b) The RNA hairpin
structure and poly(U) tail that triggers transcription
termination. [After Pribnow,D., in Goldberger, R. F. (Ed.),
Biological Regulation and Development, Vol. 1, p. 253,
Plenum Press (1979).]

an antibiotic produced by Streptomyces antibioticus, is
also a potentinhibitor of nucleic acid synthesis.It acts by
intercalating its phenoxazonering between twosucce-
sive G:C pairs of duplex DNA in a mannersimilar to
daunomycin. Actinomycin’s twoidentical cyclic penta-
peptide groups, which have an unusual composition,
stabilize this interaction through specific contacts with
the double helix. Other intercalating agents, ethidium
and proflavin (Section 28-4C), for example, also inhibit
nucleic acid synthesis, presumably by similar mecha-
nisms.

E. Chain Termination

Electron micrographssuchas Fig. 29-12 suggest that
DNAcontains specific sites at which transcription is
terminated. The transcriptional termination sequences
of severalE. coli genes share two commonfeatures(Fig.
29-14a):

1. A series of 4 to 10 consecutive A-T’s with the A’s on

the template strand. The transcribed RNA is termi-
nated in or just past this sequence.

2. A G+ C-rich region with a palindromic (twofold
symmetric) sequence that immediately precedes the
series of A-T’s.

The RNAtranscript of this region can therefore form a
self-complementary “hairpin” structure that is termi-
nated by several U residues (Fig. 29-14b).

The stability of a terminator’s G + C-rich hairpin and
the weak base pairing ofits oligo(U) tail to template DNA
appear to be important factors in ensuring proper chain
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termination. Indeed, model studies have shown that

oligo(dA -rU) formsa particularly unstable hybrid helix
although oligo(dA ° dT) formsa helix of normalstability.
The formation of the G + C-rich hairpin causes RNA
polymeraseto pausefor several secondsat the termina-
tion site. This, it has been proposed, induces a confor-
mational change in the RNA polymerase, which permits
the noncoding DNA strand to displace the weakly
bound oligo(U) tail from the template strand thereby
terminating transcription. Consistent with this notion is
the observation that mutations that alter the strengths of
these associations reduce theefficiency of chain termi-
nation and often eliminate it. Termination is similarly
diminished when in vitro transcription is carried out
with GTP replaced by inosine triphosphate (ITP).

Oo

Ls
WN

ee 9
~O—P—0—P—0—P—0—CH Oo

o- 7 O° H H
H H

OH OH

Inosine triphosphate (ITP)

I-C pairs are weaker than those of G-C because the
hypoxanthinebaseof I, which lacks the 2-amino group
of G, can only make two hydrogen bondsto C thereby
decreasing the hairpin’s stability. UTP replacement by
5-bromo-UTP also diminishes chain termination be-

cause 5Br-U formsstrongerbase pairs with A than does
U itself thus inhibiting the nascent RNA’s displacement
from the template DNAstrand.

Termination Often Requires the Assistance of Rho
Factor

The foregoing termination sequences induce the spon-
taneous termination of transcription. Other termination
sites, however, lack any obvioussimilarities and are un-
able to form strong hairpins; they require the participa-
tion of a protein known as rho factor to terminate tran-
scription. The existence of rho factor was suggested by
the observation thatin vivo transcripts are often shorter
than the correspondingin vitro transcripts. Rho factor, a
hexamer of identical 419-residue subunits, enhances

the terminationefficiency of spontaneously terminating
transcripts as well as inducing the termination of non-
spontaneously terminating transcripts.

Several key observations have led to a modelof rho-
dependent termination:

1. Rhofactor is an enzymethat catalyzes the unwinding
of RNA-DNAand RNA-RNAdouble helices. This

process is powered by the hydrolysis of nucleoside
triphosphates (NTPs) to nucleoside diphosphates +
P; with little preference for the identity of the base.

76

NTPaseactivity is required for rho-de en
nation as is demonstrated byits in Vitro €n terms.
whenthe NTPsare replaced by their g yi hibition
logs, dO ana.

O O

_ I I I

O—P—NH—P—O—P—O—CH, 6
O oO oO

HoH
H H

OH OH
B, y-Imido nucleoside triphosphate

substances that are RNA polymerase substr:
cannot be hydrolyzed by rhofactor, ates by;

2. Genetic manipulations indicate that tho-depen,d
termination requires the presenceofa specific recoil
nition sequence upstream of the termination Site,a
recognition sequence must be on the nascent RNAl
rather than the DNA as is demonstrated by tho’s
inability to terminate transcriptionin the presence of
pancreatic RNase A. The essential features of this
termination site have not been fully elucidated; the
construction of synthetic termination sites indicate
that it consists of 80 to 100 nucleotides whichlack a
stable secondary structure and probably contain
multiple C-rich regions.

These observations suggest that rho factor attaches to
nascent RNAatits recognition sequence and then mi-
grates along the RNAin the 5’ — 3’direction untilit
encounters an RNA polymerase pausedatthe termina-
tion site (without the pause, rho might not be able to
overtake the RNA polymerase). There, rho unwindsthe
RNA-DNAduplex forming the transcription bubble
thereby releasing the RNAtranscript.

F. Eukaryotic RNA Polymerases

Eukaryotic nuclei contain three distinct types of RNA
polymerases that differ in the RNAs they synthesize:

1. RNA polymerase I, whichis located in the nucleoli
(dense granular bodies in the nuclei that contain the
ribosomalgenes; Section 29-4B), synthesizes precur-
sors of most ribosomal RNAs.

2. RNA polymerase II, which occurs in the nucleo-
plasm, synthesizes mRNAprecursors.

3. RNA polymeraseIII, which also occurs in the oo
cleoplasm, synthesizes the precursors of 55 m il
somal RNA,the tRNAs, andavariety of other sma"
nuclear and cytosolic RNAs.

In addition to these nuclear enzymes (which are a
known as RNA polymerasesA, B, and C), eukaryst
cells contain separate mitochondrial and chloroP
RNApolymerases. jeculat

Eukaryotic RNA polymerases, whose m0 %ze
masses vary between 500 and 700 kD,are character
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subunit compositions of Byzantine complexity. Each
by of enzyme contains two nonidentical “large”
YP00 kD) subunits and an array of up to 12 different
Vmall” (< 50 kD) subunits. Someof the small subunits
eae jn 2 or all 3 of the nuclear RNA polymerases. As
Ae Jittle is known abouttheir functionsor interactions
though, intriguingly, the largest subunits of yeast

RN‘A polymerases II andIII exhibit extensive homology
9 each other and to the largest ($’) subunit of E. coli

RNA polymerase.

The RNA Polymerase I Promoter Consists of
Nested Control Regions

The RNA polymeraseI promoter has beenidentified
by determining thetranscriptionrates of a series of mu-
tantrRNA genes from Xenopuslaevis (an African clawed
frog) with increasingly longer deletions from either their
5/ or their 3’ ends.(It is not possible to deduce the RNA
polymerase I promoter from the sequence homologies
commonto the genesit transcribes because, as we shall
see in Section 29-4B, there is only one type of rRNA
gene.) Optimal rRNA expression requires the presence
of the rRNA gene segmentextending from — 142 to + 6.
The minimal base sequence required for accurate initia-
tion, however, extends between nucleotides —7 and
+6. It therefore appears that this latter promoter ele-
mentacts to guide RNA polymeraseI to its properinitia-
tion site, whereas the rest of the promoter functions to
bind proteins known as transcription factors (see
below).

RNA Polymerase II Promoters Are Complex and
Diverse

The promoters recognized by RNA polymerase IL,
which are considerably longer and more diverse than
those of prokaryotic genes, have, as yet, been only su-
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perficially described. The structural genes expressed in
all tissues, the so-called “housekeeping” genes, which
are thoughttobe constituitively transcribed, have one or
more copies of the sequence GGGCGGorits comple-
ment(the GC box) located upstream from their tran-
scription start sites. The analysis of deletion and point
mutations in eukaryotic viruses such as SV40indicates
that GC boxes function analogously to prokaryotic pro-
moters. On the other hand, structural genes that are
selectively expressed in one or a few typesof cells often
lack these GC-rich sequences. Rather, they contain a
conserved AT-rich sequence located 25 to 30 bp upstream
from their transcription start sites (Fig. 29-15). Note that
this so-called TATA or Goldberg - Hogness box(after
Michael Goldberg and David Hogness who deducedits
existence in 1978) resembles the prokaryotic Pribnow
box (TATAAT)although they differ in their locations
relative to the transcription start site (— 27 vs — 10). The
functionsof these two promoter elementsarenotstrictly
analogous, however, since the deletion of the TATA box
does not necessarily eliminate transcription. Rather,
TATA box deletion or mutation generates heterogen-
eities in the transcriptionalstart site thereby indicating
that the TATAboxparticipates in selectingthis site.

The generegion extending between about — 50 and — 110
also contains promoter elements. For instance, many eu-
karyotic structural genes, including those encoding the
various globins, have a conserved sequence of con-
sensus CCAAT (the CCAAT box) located between
about —70 and — 80 whosealteration greatly reduces
the gene’s transcription rate. Globin genes have,in ad-
dition, a conserved CACCC box upstream from the
CCAATboxthat has also been implicated in transcrip-
tional initiation. Evidently, the promoter sequences up-
stream of the TATA box form theinitial DNA-binding
sites for RNA polymeraseII and the other proteins in-
volvedin transcriptionalinitiation (see below).
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Figure 29-15
e Promoter sequencesof selected eukaryotic structural

in nes, The homologous segment, the TATA box,is shaded
inte with the base at position —27 underlined and the

'al nucleotide to be transcribed (+1) shaded in green. The
‘Om row indicates the consensus sequence of several

 

such promoters with the subscripts indicating the percent
occurrence of the corresponding base. [After Gannon,F.,
O’Hare,K., Perrin, F., Le Pennec, J. P., Benoist, C., Cochet,
M., Breathnach, R., Royal, A., Garapin, A., Cami, B., and
Chambon,P., Nature 278, 433 (1978).)
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Enhancers Are Transcriptional Activators That Can
HaveVariable Positions and Orientations

Perhaps the most suprising aspect of eukaryotic tran-
scriptional control elements is that some of them need not
havefixed positions and orientationsrelative to their corre-
sponding transcribed sequences. For example, the SV40
genome, in which such elements werefirst discovered,
contains two repeated sequences of 72 bp each that are
located upstream from the promoter for early gene ex-
pression. Transcription is unaffected if one of these re-
peats is deleted but is nearly eliminated when both are
absent. The analysis of a series of SV40 mutants con-
taining only one of these repeats demonstrated thatits
ability to stimulate transcription from its corresponding
promoteris all but independentofits position and orien-
tation. Indeed, transcription is unimpaired when this
segment is several thousand base pairs upstream or
downstream from the transcription start site. Gene seg-
ments with such properties are named enhancers to
indicate that they differ from promoters, with which
they mustbe associated in orderto trigger site-specific
and strand-specific transcription initiation (although
the characterization of numerous promoters and en-
hancers indicates that their functional properties are
similar). Enhancers occur bothin eukaryotic viruses and
cellular genes.

Enhancers are required for the full activities of their cog-
nate promoters. But how dothey act? Two not mutually
exclusive possibilities are given the most credence:

1. Enhancersare “entry points” on DNA for RNApoly-
meraseIJ, perhaps througha lack of bindingaffinity
for the histones that normally coat eukaryotic DNA,
so as to (as seemslikely) block RNA polymeraseII
binding (Section 33-1A). Alternatively, enhancers
mayalter DNA’s local conformation in a way that
favors RNA polymeraseII binding.In fact, some en-
hancers contain a segmentofalternating purines and
pyrimidines which, we haveseen,is just the type of
sequence mostlikely to form Z-DNA(Section 28-2B).

2. Enhancers are recognized by specific proteins called
transcription factors that stimulate RNA polymer-
ase II to bind to a nearby promoter.

All cellular enhancers that have yet been identified are
associated with genes that are selectively expressed in
specific tissues. It therefore seems, as we discussin Sec-
tion 33-3B, that enhancers mediate much of the selective
gene expression in eukaryotes.

RNAPolymeraseIII Promoters Can Be Located
Downstream from Their Transcription Start Sites

The promoters of genes transcribed by RNA polymerase
III can be located entirely within the genes’ transcribed
regions. Donald Brown established this through the con-

struction of a series of deletion mutants of a Xen
borealis 5S RNAgene. Deletionsof base sequenges t 8
start from outside oneor the other endofthe trang,oE
portion of the 5S gene only preventtranscriptionj¢ th
extend into the segment between nucleotides + 40 cy
+80. Indeed, a fragment of the 55 gene consist;
only nucleotides 41 to 87, when clonedin a ba
plasmid,is sufficient to direct specific initiation by RN
polymeraseIII at an upstream site. This is because A
was subsequently demonstrated,the sequencecontai
the bindingsite for a transcription factor that stimulat
the upstream binding of RNA polymeraseIII. Furthe,
studies have shown, however, that the Promoters pa
other RNA polymerase III-transcribed genes Maylie
partially or even entirely upstream oftheir start Sites.

Ng of

Amatoxins Specifically Inhibit RNA Polymerases }
and III

The poisonous mushroom Amanita phalloides (death
cap), which is responsiblefor the majority of fatal mush-
room poisonings, contains several types of toxic sub-
stances including a series of unusual bicyclic octapep-
tides known as amatoxins. a-Amanitin,

OH
H3C_ _CH— CH,0HoO oO

| ll H H I H

HN—¢—C—N—¢——C_N—CH—¢=0
= H2C. NH pe.

|a/ee OOO. atsian a ee H

| 0 cH Qo o=c “NS‘ HH | [ H j |
FNC—C—N—C—CH,—NHH

CHz—CONH,

a-Amanitin

which is representative of the amatoxins, forms a tight
1:1 complex with RNA polymeraseII (K = 10~*M) and
a looser one with RNA polymeraseIII (K = 107°M), 50 4
to specifically block their elongation steps. a-Amanitin
is therefore a useful tool for mechanistic studies of these
enzymes. RNA polymeraseI as well as mitochondrial,
chloroplast, and prokaryotic RNA polymerases are 1
sensitive to @-amanitin. ch

Despite the amatoxins’ high toxicity (5-6 mg, wil
occur in ~ 40 g of fresh mushrooms, are sufficient to a
a humanadult), they act slowly. Death, usually fr 4
liver dysfunction, occurs no earlier than several a
after mushroom ingestion (and after recovery from t is
effects of other mushroomtoxins). This, in part, refla
the slow turnoverrate of eukaryotic mRNAS and Pp
teins.
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cy

ian prokaryotes respond to sudden environmental changes,
ae of uch 48 the influx of nutrients, by inducing the synthesis ofT], . * . :y RNa she appropriate proteins. This process takes only minutes

pecause transcription andtranslation in prokaryotes areine,es dosely coupled: Ribosomes commence translation near the
Nulates 5 end of @ nascent mRNAsoonafterit is extruded from
‘utther RNA polymerase (Fig. 29-16). Moreover, most prokaryotic
ters 7 mRNAs are enzymatically degraded within 1 to 3 min of
Naylie their synthesis, thereby eliminating the wasteful synthe-

gis of unneededproteins after a change in conditions
(protein degradation is discussed in Section 30-6). In
fact, the 5’ ends of some mRNAsare degraded before
their 3’ ends have been synthesized.

In contrast, the induction of new proteins in eukary-
otic cells frequently takes hours or days because tran-
scription takes place in the nucleus and the resulting
mRNAsmust be transported to the cytoplasm where
translation occurs. However, eukaryotic cells, particu-
larly those of multicellular organisms, haverelatively
stable environments; changes in their transcriptional
patterns usually occuronly duringcell differentiation.

In this section we examine someof the ways in which
prokaryotic gene expression is regulated through tran-
scriptional control. Eukaryotes, being vastly more com-

Sites,

aSes|]

(death,
‘mush-

ic sub-

‘tapep-

=O plex creatures than are prokaryotes, have a correspond-
| CH, ingly more complicated transcriptional control system

/ whose general outlines are just coming into focus. We
“a therefore defer discussion of eukaryotic transcriptional

CoHs control until Section 33-3 whereit can be considered in
light of what we know aboutthestructure and organiza-
tion of the eukaryotic chromosome.

A. Promoters

In the presence of high concentrations of inducer, the
a tight lac operon is rapidly transcribed. In contrast, the lacI

M) and Seneis transcribed at such a low rate that a typical E. coli
f), 80 a8 cell contains < 10 molecules of the lac repressor. Yet, the
nanitin §ene has no repressor. Rather, it has such an inefficient
of these Promoterthatit is transcribed an average of about once
wndrial, Pet bacterial generation. Genes that are transcribed at
are in- igh rates have efficient promoters. In general, the more

“Hicient a promoter, the more closely its sequencere-
wha ‘embles that of the corresponding consensus sequence.

it to

ly from Gene Expression in Certain PhagesIs Controlled
al days Y a Succession of o Factors
om the ; he processes ofdevelopment and differentiation involve
reflect® he ‘emporally ordered expression ofsets ofgenes according
ad pro” . 8enetically specified programs. Phage infections are

°ng the simplest examples of developmental pro-
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Figure 29-16

Anelectron micrographandits interpretive drawing showing
the simultaneoustranscription andtranslation of an E. coli
gene. RNA polymerase molecules are transcribing the DNA
from right to left while ribosomes are translating the nascent
RNAs(mostly from bottom to top). [Courtesy of Oscar L.
Miller, Jr., University of Virginia.]

cesses. Typically, only a subset of the phage genome,
often referredto as early genes, are expressedin the host
immediately after phageinfection. Astime passes, mid-
dle genesstart to be expressed andthe early genesas well
as the bacterial genesare turnedoff. In thefinal stages of
phage infection, the middle genes give wayto the late
genes. Of course some phage types express more than
three sets of genes and some genes may be expressedin
more than onestage of an infection.

One wayin which families of genes are sequentially
expressed is through “cascades”of o factors. In the in-
fection of Bacillus subtilus by bacteriophage SP01, for
example, the early gene promotersare recognized by the
bacterial RNA polymerase holoenzyme. Amongthese
early genes is gene 28 whose gene product is a new o
subunit, designated o8”8, that displaces the bacterial o
subunit from the core enzyme.This reconstituted holo-
enzyme recognizes only the phage middle gene pro-
moters, which all have similar — 35 and —10 (Pribnow
box) regions, butbear little resemblance to the corre-
sponding regions of bacterial and phage early genes.



80

 

       
ena:ba

ay|

wiHpi
|

"Any

 

868 Section 29-3. Control of Transcription in Prokaryotes

The early genes therefore becomeinactive once their
corresponding mRNAshave been degraded. The phage
middle genes include genes 33 and 34, which together
specify yet another a factor, a°9/%4 which, in turn, per-
mits the transcription of only late phage genes.

Severalbacteria, including E. coli and B. subtilus, like-
wise have severaldifferent o factors. These are notuti-

lized in a sequential manner. Rather, those that differ
from the predominant or primary o factor control the
transcription of coordinately expressed groups of spe-
cial purpose genes whose promotersare quite different
from those recognized by the primary o factor.

B. lac Repressor

In 1966, Beno Miller-Hill and Walter Gilbert isolated
lac repressor on thebasis ofits ability to bind ‘C-labeled
IPTG and demonstratedthatit is a protein. This was an
exceedingly difficult task because lac repressor com-
prises only ~ 0.002% ofthe protein in wild-type E. coli.
Now, however, lac repressor is available in quantity
throughthe application of molecular cloning techniques
(Section 28-8D).

lac Repressor Finds Its Operator by Sliding
Along DNA

Thelac repressoris a tetramerof identical 360-residue
subunits arranged with three mutually perpendicular
twofold axes (D, symmetry; Section 7-5B). Each subunit
is capable of binding one IPTG moleculewith a dissocia-
tion constant of K = 107M.In the absence of inducer,

the repressor tetramer nonspecifically binds duplex
DNAwith a dissociation constant of K ~ 10-4M. How-

ever, it specifically binds to the lac operator with far
greater affinity: K ~ 10~1°M.Limited proteolysis of lac
repressor with trypsin splits a 58-residue N-terminal
peptide from each subunit. The remaining “‘core”’ tetra-
merbinds IPTG butis unable to bind DNA.Apparently
the DNAandinducer binding regions of each subunit
occupy separate domains.

The observed rate constant for the bindingof lac re-
pressorto lac operatoris ky ~ 10'°°M~'s~?. This “on”rate
is much greater than that calculated for the diffusion-
controlled processin solution: k, = 10’7M~1s~? for mole-
cules the size of lac repressor. Sinceit is impossible for a
reaction to proceed faster than its diffusion-controlled
rate, the lac repressor must not encounter operator from
solution in a random three-dimensional search. Rather,

it appears thatlac repressorfinds operator by nonspecific-
ally binding to DNA anddiffusing along it in a far more
efficient one-dimensionalsearch.

lac Operator Has a Nearly Palindromic Sequence
The availability of large quantities of lac repressor

madeit possible to characterize the lac operator.E. coli
DNAthat had been sonicated to small fragments was
mixed with lac repressor and passed through a nitro-

~«—Protected by lac repressor ——__»
- -++ = =

ieGTGTAGAATTGT GAGCGGATAACAATTP 1ptees?’ AAT — ) - f ‘ TTTOACAG
3'ACAGACCTTAACA CT CGCGTATTGTTAA AGTETg+ ~

4TH4 4
A TGTTA C T

O* mutations
T ACAAT GA

Figure 29-17
The base sequenceof the fac operator. The symmet,
related regions(red), comprise 28ofits 35 bp. A “+
denotespositions at which repressor binding enhances
methylation by dimethyl! sulfate [which methylates G at jy 7
and A at N(3)] and a ‘‘—” indicates wherethis footprintin
reaction is inhibited. The bottom row indicates the Positions
andidentities of different point mutations that prevent fac
repressorbinding (O° mutants). Thosein colorincrease the
operator's symmetry. [After Sobell, H.M., in Goldberger, R
F. (Ed.), Biological Regulation and Development, Vol. 1, p.
193, Plenum Press (1979).]

cellulose filter. Protein, with or without bound DNA,
sticks to nitrocellulose whereas duplex DNA,byitself,
does not. The DNA wasreleased from thefilter-bound
protein by washing it with IPTG solution, recombined
with lac repressor, and the resulting complex treated
with DNase I. The DNA fragment that lac repressor
protects from nuclease degradation consists of a run of
26 bp that is embeddedin a nearly twofold symmetric
sequence of 35 bp (Fig. 29-17; top). Such palindromic
symmetry is a commonfeature of DNAsthatare specifically
bound by proteins; recall that restriction endonuclease
recognition sites are also palindromic (Section 28-64).

It has been suggested thatthe lac operator’s symmetry
matchesthatof its repressor; that is, operator binds to
repressor in a twofold symmetric cleft between two sub-
units muchlike EcoRIrestriction endonuclease bindsto
its recognition site (Section 28-6A). Methylation pro
tection experiments, however, do not support this con-
tention. There is an asymmetric pattern of differences
betweenfree and repressor-bound operator in the sus"
ceptibility of its bases to reaction with DMS(Fig. 29-17)
Furthermore, point mutations in the operator tha
render it operator-constitutive (09, and which in
ably weaken the binding of repressor to operator, 1°”
increase as well as decreasethe operator's twofold sy™
metry (Fig. 29-17).

vari-

may

lac Repressor Prevents RNA Polymerase from
Forming a Productive Initiation Complex

Operator occupies positions —7 through ++ (Fig
lac operon relative to the transcription start site, Hee
29-18). Nuclease protection studies,it will be rec? vase
indicate that, in the initiation complex, RNA polyrand
tightly binds to the DNA between positions ~
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NA GAAAGCGGGCAGT GA CEGCAACGCAAT FAATGTGAGT TAGCTCACTCAT TAGGCACCCCAGGCTT TACACTTTATGCTTCCGGCTCGTAT GT TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATG=8CTTTCGCCCGTCACTGGCGT HRCGT TAATTACACTCAATEGAGTGAGT AAT CEGT GGGGTCCGAAATGTGAAAT AC GAAGGCCGAGCATACAACACACCTTAACACTCGCCTATTGTTAAAGIGIGICCTTTGTCGATACTGGTAC 5)
sequence

-80 -70 -60 -50 —40 —30 -20 -10 +1 +10 +20 +30

Figure 29-18
The nucleotide sequence of the E. coli lac promoter —
operator region extending from the C-terminal region of /ac/
jeft) to the N-terminal region of lacZ (right). The palindromic
sequencesof the operator and the CAP-binding site
(Section 29-3C) are overscored or underscored.[After
Dickson, R. C., Abelson, J., Barnes, W. M., and Reznikoff,
W.A., Science 187, 32 (1975).]

+20 (Section 29-2B). Thus, the lac operator and promoter
sites overlap. This suggests that repressor binding and
RNApolymerase binding are mutually exclusive. How-
ever, both proteins simultaneously bind to the lac
operon,at least in vitro, to form a transcriptionally inac-
tive complex. Evidently, operator-bound lac repressor
prevents RNA polymerase from forming a productive
initiation complex although howit does so is unknown.

C. Catabolite Repression: An Exampleof
Gene Activation

Glucoseis E. coli’s metabolite of choice; the availability
of adequate amounts ofglucose preventsthefull expression
ofgenes specifying proteins involved in the fermentationof
numerous other catabolites, including lactose (Fig. 29-19),
arabinose and galactose, even when they are presentin high
concentrations. This phenomenon, which is known as
catabolite repression, prevents the wasteful duplica-
tion of energy-producing enzymesystems.

cAMPSignals the Lack of Glucose
The first indication of the mechanism of catabolite

tepression was the observation that, in E. coli, the level
of cAMP, which was known to bea second messengerin
animalcells (Section 17-3E), is greatly diminished in the
Presence of glucose. This observation led to the finding
that the addition of cAMPto E. coli cultures overcame
‘catabolite repression by glucose. Recall that, in E. coli,
adenylate cyclaseis activated by a phosphorylated en-
zyme (E Ill,), which is dephosphorylated upon the
transport of glucose across the cell membrane (Section
8-3D). The presence ofglucose, therefore, normally lowers

the cAMPlevelin E. coli.

CAP~ cAMP Complex Stimulates the Transcription
°f Catabolite Repressed Operons

Certain E. coli mutants, in which the absenceof glu-

cose doesnotrelieve catabolite repression, are missing a
cAMP-bindingprotein that is synonymously named ca-
tabolite gene activator protein (CAP) or cAMPrecep-
tor protein (CRP). CAPis a dimeric protein of identical
210-residue subunits that undergoes a large conforma-
tional change upon binding cAMP.Its function waselu-
cidated by Ira Pastan who showed that CAP-cAMP
complex, but not CAPitself, binds to the lac operon (among
others) and stimulates transcription from its otherwise low
efficiency promoter in the absence of repressor. CAP is
therefore a positive regulator (turns on transcription),
in contrast to lac repressor, whichis a negative regula-
tor (turns off transcription).

A Glucose
|

 lac MRNA  
 

Minutes after IPTG addition

Figure 29-19
The kinetics of lac operon mRNAsynthesis followingits
induction with IPTG, and of its degradation after glucose
addition. E. coli were grown on a medium containing
glycerol as their only carbon-energy source and °H-labeled
uridine. IPTG was added to the medium at the beginning of
the experiment to induce the synthesis of the jac enzymes.
After 3 min, glucose was added to stop the synthesis. The
amount of ?H-labeled fac RNA was determined by
hybridization with DNA containing the /JacZ and lacY genes.
[After Adesnik, M. and Levinthal, C., Cold Spring Harbor
Symp. Quant. Biol. 35, 457 (1970).]
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Why is CAP-—cAMP complex necessary to stimulate
the transcription of its target operons? And how doesit
do so? The lac repressor has a weak (low efficiency)
promoter; its —10 and —35 sequences (TATGTT and
CTTTACACT;Fig. 29-18) differ significantly from the
corresponding consensus sequencesof strong (high ef-
ficiency) promoters (TATAAT and TCTTGACAT,;Fig.
29-9). Such weak promoters evidently require somesort
of help for efficient transcriptional initiation. There are
two plausible (and not mutually exclusive) ways that
CAP-cAMPcould provide such help:

1. CAP-cAMPmaystimulate transcriptionalinitiation
through direct interaction with RNA polymerase.
This hypothesis is supported by the observation that
the lac operon fragment that CAP-cAMP complex
protects from DNaseI digestion contains two over-
lapping pseudopalindromic sequences that are lo-
cated in the lac promoter’s upstream segment(Fig.
29-18).

2. The binding of CAP-cAMP complex to promoter
may conformationally alter this DNA. For example,it
may induce the formation of the open RNA polymer-
ase initiation complex (Section 29-2B). This idea is
corroborated by the observation that negative super-
coiling, which tends to unwind B-DNA, promotes
the in vitro CAP stimulation of lac operon transcrip-
tion. The binding of CAP to promoter, however, does
not alter DNA’s superhelicity so that CAP doesnot,
by itself, unwind promoter. Another possibility is
that CAP binding bends the DNA soastostoreelastic
energy for subsequent use in transcription. Indeed,
the anomalously low polyacrylamidegel electropho-
retic mobility of CAP in complex with its ~30 bp
target sequence indicates that CAP binding induces
at least a 90° bend in this DNA segment.

ManyProkaryotic Repressors and Activators Bind
Their Operators in a Similar Fashion

Since genetic expression is controlled by proteins such
as CAP and lac repressor, an important issue in the
study of gene regulation is how dotheseproteinsinter-
act with DNA.The X-ray crystal structure of CAP, de-
termined by ThomasSteitz, reveals that each monomer
of this dimeric protein consists of two flexibly linked
domains (Fig. 29-20a). The N-terminal domains bind
cAMPandform the intersubunit contacts. The C-termi-

nal domains form the DNA-bindingsite as is demon-
strated by the observation that their excision by limited
proteolysis results in a dimeric cAMP-binding protein
that does not bind DNA.

The CAP dimer’s two symmetrically disposed F
helices protrude from the protein surface in such a way
that, according to model building studies, they fit into
successive major grooves of B-DNA(Fig. 29-20b). CAP’s
E andFhelices form a helix - turn - helix supersecondary

structure that conformationally resembles
helix—turn—helix motifs in the other repressors "MMlogoy.
X-ray structures:the E. coli trp repressor (Sectio Now,
andthecI repressors and Croproteins fro, b. 29-3p)
phages A and 434 (Section 32-3D). acter;

Specific Protein- DNAInteractions Arise fro
Mutual Conformational Accommodations m

Model building, such asthatindicatedin R; 29
and, moreimportantly, the direct visualizay. 202,: ation of
tein- DNA complexes (see below), indicates that Pro-
DNA-binding proteins associate with their target base hese
mainly via the side chains extending from the second pairs
of the helix—turn -helix motif, the so-called “recognitic. : Fi : on”

helix (helix F in CAP, E in trp repressor, ang 03 |
the phage proteins). Indeed, replacing the outward.
facing residues of the 434 repressor’s “recognitio. Ibe . n

helix with the corresponding residues of the related
bacteriophage P22 (using the gentic engineeringtech.
niques described in Section 28-8) yields a hybrid repres-
sor that binds to P22 operators butnotto those of 434.
Moreover, the ~ 20-residue helix —turn—helix motifs in
all these proteins have amino acid sequences thatare
similar to each other and to polypeptide segments in
numerousother prokaryotic DNA-bindingproteins,in-
cluding lac repressor. Evidently, these proteins are evolu-
tionarily related and bind their target DNAsinasimilar
manner (but in a way that differs from that of EcoRI
restriction endonuclease; Section 28-6A).

Howdoesthe “recognition’’ helix recognizeits target
sequence? Each basepair presents a different and pre-
sumably readily differentiated constellation of hydro-
gen bonding groups in DNA’s major groove (see Fig.
28-6). It has therefore been proposed that there is a
simple correspondence, analogous to Watson-Crick
base pairing, between the aminoacid residues of the
“recognition” helix and the bases they contactin form-
ing sequence-specific associations. The above X-ray
structures, however, indicate this proposalto be incot-
rect. Rather, base sequence recognition arises from com:
plex structural interactions. For instance:

Oo.

1. The X-ray structures of 434 repressor and 434 Cro
protein in complex with the identical 20 bp target
DNA(434 phage expressionis regulated through the
differential binding of these proteins to the samy
DNA segments; Section 32-3D) were both deter
mined by Stephen Harrison. Both dimeric protel
as predicted for CAP (Fig. 29-20b), associate witht 4
DNAina twofold symmetric manner with their fa f
ognition” helices bound in successive turns - ‘h
DNA’s major groove(Figs. 29-21 and 29-22). In bo
complexes, the protein closely conforms to the a
surface and interacts with its paired bases ie
sugar - phosphate chains through elaborate sY° nals
of hydrogen bonds,salt bridges, and van der } 5é
contacts. Nevertheless, the detailed geometre
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these associations are significantly different. In the
tepressor-DNA complex (Fig. 29-21), the DNA
bends aroundtheprotein in anarcofradius ~ 65 Aso
as to compress the minor groove by ~2.5 A nearits
Center (between the two protein monomers) and
Widenit by ~2.5 A towardsits ends[the phosphate —-
Phosphate distance across the minor groove in ca-
Nonical (ideal) B-DNA is 11.5 A]. In contrast, the
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Molecular twofold

axis of symmetry

Figure 29-20
The structure and interactions of CAP.(a) A ribbon diagram
of the CAP dimer. The cAMP-binding N-terminal domains,
which contain the dimer contacts, are colored green and
yellow whereas, the C-terminal domains are colored blue and
purple with their DNA-binding helix-turn—helix domains
colored in darker shades. The helices are labeled

alphabetically starting from the N-terminus. [Based on a
drawing by Jane Richardson, Duke University.] (6) The
proposed association, based on model building, between
CAP’s DNA-binding domains andtheir binding site on the /ac
operon as viewed downthe protein’s twofold axis of
symmetry. Note how the dimeric protein’s two symmetry
related ‘‘recognition” helices are spacedtofit into
successive turns of the DNA’s major groove. The DNA-
binding site was identified through chemical, enzymatic, and
mutagenic modification studies. Dots mark the phosphates
whoseethylation prevents CAPbinding,circled G’s are
protected from methylation when CAPbinds, and * indicates
the fac mutation sites that decrease CAPaffinity. [After
Weber,I. T. and Steitz, T. A., Proc. Natl. Acad. Sci. 81, 3975
(1984).]

DNAin complex with Cro (Fig. 29-22), although also
bent, is nearly straight at its center and has a less —
compressed minor groove (compareFigs. 29-214 and
29-224). This explains why the simultaneousreplace-
mentof three residues in the repressor “recognition”
helix with those occurring in Cro does not cause the
resulting hybrid protein to bind DNA with Cro-like
affinity: The different conformations of the DNA in the
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(®)

 
Figure 29-21
The X-ray structure of 434 phage repressor(actually only
the repressor’s 69-residue N-terminal domain) in complex
with a 20 bp fragment ofits target sequenee [one strand of
which has the sequence d(TATACAAGAAAGTTTGTACT)]
as viewed perpendicularly to the complex’s twofold axis of
symmetry. (a) A skeletal model with the DNA on the left and
with the protein’s two identical subunits (C, backbone only)
shownin red and blue. Only the first 63 residues of the
protein are visible. [Courtesy of Aneel Aggarwal, John
Anderson, and Stephen Harrison, Harvard University.]
(b) An interpretive drawing showing how the helix—turn—

repressor and Cro complexes prevents any particular
side chain from interacting identically with the DNA in
the two complexes.

‘2. Paul Sigler determined the X-ray structure of E. coli
trp repressor in complex with an 18 bp palindromic
DNA that closely resembles trp operator (Section
29-3E). The dimeric protein contacts the relatively
straight DNA via 24 direct and 6 solvent-mediated
(water bridged) hydrogen bonds to the DNA’s phos-
phate groups (Fig. 29-23). Astoundingly, however,
there are no direct hydrogen bondsor nonpolarcontacts
that can explain the repressor’s specificity for its opera-
tor (the few such contacts in the structure are with
bases that are tolerent to mutation). Evidently, trp
repressor recognizes its operator via ‘indirect read-
out’: The operator’s sequence permits the DNA to
assume a conformation that makes favorable con-

tacts with the repressor. Model building indicates
that canonical B-DNA can only make a small fraction
of the contacts that operator makes to repressor.
Other DNA sequences could conceivably assumere-
pressor-bound operator’s conformation but at too

84

 
helix motif (darker shading) interacts with the DNA.In the
lower protein monomer, the side chains important for
interaction with the DNA are indicated and the numbers of

the first and last residues of the helix are given. Note how
the dimer’s two “‘recognition’’ helices bind in successive
major grooves of the DNA.[After Anderson, J. E., Ptashne,
M., and Harrison, S. C., Nature 326, 847 (1987).] (c) A
space-filling model corresponding to Part (a). All of the
protein’s non-H atomsare drawnin yellow. [Courtesy of
Aneel Aggarwal, John Anderson, and Stephen Harrison,
Harvard University.]

high an energy cost to form a stable complex with
repressor (frp repressor’s measured 10*-fold prefer-
ence for its operator over other DNAs implies an
~23 kJ - mol“?difference in their binding free ener-
gies). Thus, specificity arises here from sequence-spe-
cific conformationalvariations in DNA rather than from
sequence-specific hydrogen bonding interactions be-
tween DNA and protein.

It therefore appears that there are no simple rules govern-
ing how particular amino acid residuesinteract with bases.
Rather, sequence specificity results from an ensemble of
mutually favorable interactions between a protein and its
target DNA.

D. araBAD Operon:Positive and Negative
Control by the SameProtein

Humansneither metabolize nor intestinally absorb
the plant sugar L-arabinose. Hence, theE.coli that nor-
mally inhabit the human gutare periodically presented
with a banquetof this pentose. Threeofthefive E.coli
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(a) (b)

 
Figure 29-22 29-21 with the protein in Part (c) shownin light blue. Note
The X-ray structure of the 72-residue 434 Cro protein in the close but not identical correspondence between the two
complex with the same 20 bp DNA shownin Fig. 29-21 as structures. [Parts (a) and (c) courtesy of Alfonso
viewed perpendicularly to the complex’s twofold axis of Mondragon, Cynthia Wolberger, and Stephen Harrison,
symmetry. Only the first 64 residues of the protein are Harvard University. Part (b) after Wolberger, C., Dong,Y.,
visible. Parts (a), (6), and (c) correspondto thosein Fig. Ptashne, M., and Harrison, S. C., Nature 335, 791 (1988).]

 
Figure 29-23 Note that the protein’s “recognition” helices bind, as
The X-ray structure of a E. coli trp repressor—operator expected, in successive major grooves of the DNA but
complex as viewed, in stereo, perpendicular to the molecular extendperpendicularly to the DNA duplex axis. In contrast,
twofold axis of symmetry. The protein’s C, backboneis the “recognition’’ helices of 434 repressor and Cro proteins
shown (biue) together with the side chains (green) that make bind parallel to the major groove of their DNA (Figs. 29-21
hydrogen bonds (dashedlines) to the 18 bp palindromic and 29-22). Instructions for viewing stereo diagrams are
operator(yellow). The protein only bindsits operatorif given in the appendix to Chapter 7. [Courtesy of Paul Sigler,
L-tryptophan (red) is simultaneously bound to the protein. Yale University.]
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Figure 29-24
A genetic map of the E. coli araC and araBAD operons
indicating the proteins they encode and the reactionsin
which these proteins participate. The permease system,
which transports arabinoseinto the cell, is the product of
the araE and araF genes, which occur in two independent

enzymesthat metabolize L-arabinose are products of the
catabolite repressible araBAD operon(Fig. 29-24).

The transcription of the araBAD operonis regulated by
both CAP-cAMP and the L-arabinose-binding protein,
AraC(the araC gene product; proteins may be assigned
the name of the gene specifying them but in roman
letters with thefirst letter capitalized; Fig. 29-25):

1. In the absence of AraC, RNA polymeraseinitiates
transcription of the araC gene in the direction away
from its upstream neighbor, araBAD. The araBAD
operon remains repressed.

2. When AraCis present, with or without L-arabinose,
but not CAP—cAMP(high glucose), AraC binds to
three different genesites: aral, which just precedes
the araBAD promoter; araO,, which overlapsthe araC
promoter; and araO>, which, surprisingly, is located
in a noncoding upstream region of the araC gene,
around position — 280 relative to the araBADstart
site. araO,is the operator for the araC gene;its associ-
ation with AraC blocks araC transcription sothatthis
process is autoregulatory. A series of deletion muta-
tions indicate that both araO, and araIl must be

presentfor araBADto be repressed in the presence of
AraC. The remarkably large separation between
araO, and the araBAD promoter therefore suggests

-sibulose-5-PLribulokinase L-ribuloseepimerase

L-Ribulose-5-P_ ———————-—--_ p-Xylulose-5-P

ATP ADP

operons, The pathway product, xylulose-5-phosphate,is
converted, via the transketolase reaction, to the glycolytic
intermediate fructose-6-phosphate (Section 21-4C). [After
Lee, N., in Miller. J.H. and Rezinkoff, W. S. (Eds.), The
Operon, pp. 390, Cold Spring Harbor Laboratory (1979).]

that the DNAis looped suchthat a single molecule or
molecular complex of AraC protein simultaneously
binds to both araO, and aral. This cooperative ar-
rangementis required for the AraC-mediated repres-
sion of araBAD (negative control).

3. When the cAMPlevel is high (low glucose), CAP—
cAMPbindsto a site between araO, and aral. When
L-arabinoseis also present, it binds to AraC causingit
to release araO, so as to open the DNAloop.This
combined influence of CAP-cAMP and AraC-

arabinose, which is probably mediated througha di-
rect interaction between these two complexes, acti-
vates RNA polymerase to transcribe the araBAD
operon(positive control). The observation that araO,
deletion permits AraC — arabinoseto activate araBAD
in the absence of CAP-cAMPindicates that CAP-

cAMPstimulates AraC-arabinose to release araO,
and that-this release is required to convert AraC-—
arabinoseto an activator. araC remains repressed by
AraC.

The function of DNA loop formation is obscure al-
though it has been demonstrated to occur in numerous
bacterial and eukaryotic systems. Perhaps it permits
several regulatory proteins and/or regulatory sites on
one protein to simultaneously influence transcription
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(a) WhenAraC is absent,

araC is transcribed
RNA polymerase
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araC mRNA

(6) When cAMPis low, AraC
repressestranscription

(c) When cAMPis abundant, araBAD
transcription is activated

  

 
Figure 29-25
The proposed mechanism for araBAD regulaion:(a) In the
absence of AraC, RNA polymeraseinitiates the transcription
of araC but not araBAD. (b) When AraCis present, with or
without L-arabinose, and the cAMPlevel is low, AraC binds
to araO, andlinks together araO, and aral to form a DNA

initiation by RNA polymerase.In fact, as recent studies
have shown,the lac operon contains a second, relatively
weakoperator located 400 bp downstream from the
transcription start site (within the lacZ gene). This sec-
ondary operator (O,) cooperates with the primary oper-
ator (now called O,) to form a repression complex thatis
stronger than with either operator alone.It is thought
that during severe repression, both operators bind to a
single lac repressor tetramer to form a DNAloop-con-
taining complex.

E. trp Operon: Attenuation

In the following paragraphs wediscuss a sophisti-
cated transcriptional control mechanism namedattenu-
ation through which bacteria regulate the expression of
certain operons involved in amino acid biosynthesis.
This mechanism was discovered through the study of
the E. coli trp operon (Fig. 29-26) which encodesfive

araBAD mRNA

loop, thereby repressing both araC and araBAD.(c) When
AraC and L-arabinose are both present and cAMPis
abundant, the AraC —arabinose complex releases araO, but
remains boundto ara/ where,in concert with CAP—cAMP,it
activates araBADtranscription. araC remains repressed.

polypeptides comprising three enzymes that mediate
the synthesis of tryptophan from chorismate (Section
24-5B). Charles Yanofsky established that the trp
operon genesare coordinately expressed underthe con-
trol of trp repressor, a dimeric protein of identical 107-
residue subunits that is the product of the trpR gene
(which forms an independent operon). The trp repressor
binds L-tryptophan, the pathway’s end product, to form a
complex that specifically binds to trp operator (trpO; Fig.
29-27), so as to reduce the rate of trp operon transcription by
70-fold. The X-ray structure of the trp repressor—
operator complex (Section 29-3C)indicates that trypto-
phan bindingallosterically orients trp repressor’s two
symmetry related helix-turn—helix “DNA reading
heads” so that they can simultaneously bind to trpO
(Fig. 29-28; also see Fig. 29-23). Moreover, the bound
tryptophan forms a hydrogen bond to a DNA phos-
phate group, thereby strengthening the repressor-
operator association. Tryptophan therefore acts as a
corepressor; its presence prevents whatis then super-
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Figure 29-26
A genetic mapof the E. coli trp operon indicating the
enzymesit specifies and the reactions they catalyze. The

fluous tryptophan biosynthesis. The trp repressor also
controls the synthesis of at least two other operons:the
trpR operon and the aroH operon (which encodes one
of three isozymes that catalyze the initial reaction of
aromatic amino acid biosynthesis: Section 24-5B).

Tryptophan Biosynthesis Is Also Regulated
by Attenuation

The trp repressor-operator system was at first
thought to fully account for the regulation of trypto-
phanbiosynthesis in E. coli. However, the discovery of
trp deletion mutants located downstream from trpOthat
increase trp operon expression sixfold indicated the exis-
tence of an additional transcriptional control element.

SoeeeeaireAAG
GCTTGATCAATTGATCATGCGTTC

| | |
-20 -10 +1

Figure 29-27
The base sequenceof the trp operator. The nearly
palindromic sequence is boxed and the Pribnow boxis
overscored.

 

1-deoxyribulose
phosphate

CO, L-Serine Glyceraldehyde- 3-P

gene product of trpC catalyzes two sequential reactions in
the synthesis of tryptophan. [After Yanofsky, C., J. Am.
Med. Assoc. 218, 1027 (1971).]

Sequenceanalysis established that trpE, the trp operon’s
leadingstructural gene, is preceded by a 162-nucleotide
leader sequence (trpL). Genetic analysis indicated that
the new control elementis located in trpL, ~30 to 60
nucleotides upstream of trpE (Fig. 29-26).

Whentryptophanis scarce, the entire 6720-nucleo-
tide polycistronic trp mRNA, including the irpL se-
quence, is synthesized. As the tryptophan concentration
increases, the rate of trp transcription decreases as a
result of the frp repressor—corepressor complex’s con-
sequent greater abundance. Of the trp mRNAthatis
transcribed, however, an increasing proportion consists
of only a 140-nucleotide segment correspondingto the
5’ end of trpL. The availability of tryptophan therefore
results in the premature termination of trp operon tran-
scription. The control element responsible for this effect
is consequently termed an attenuator.

The trp Attenuator’s Transcription TerminatorIs
Masked WhenTryptophanIs Scarce

Whatis the mechanism of attenuation? The attenua-

tor transcript contains four complementary segments
that can form one of two sets of mutually exclusive
based paired hairpins (Fig. 29-29). Segments 3 and4 to-
gether with the succeeding residues comprise a normal
transcription terminator (Section 29-2E): a G + C-rich se-
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Figure 29-28

The structure of the trp repressor-—tryptophan complex in
association with its operator. The “recognition” helix (blue)
of the dimeric protein's helix-turn—helix motif binds in the
major grooveofits operator DNA(see Fig. 29-23).
Comparison of the X-ray structures of the trp repressor with
and without bound tryptophan (req) indicates that, upon
tryptophandissociation, the “recognition” helices swing
inwards (arrows) so that they can no longer simultaneously
engage the DNA’s major groove. [After Robertson, M.,
Nature 327, 465 (1987).]

 110

UUUUUU

130
U

70—-G |‘
A A

A U G
A U

1¢2 A

3e4
“terminator”

Figure 29-29
Thealternative secondary structures of trpL mRNA. The
formation of the base paired 2-3 (antiterminator) hairpin
(right) precludes the formation of the 1-2 and 3-4
(terminator) hairpins(left) and vice versa. Attenuation results
in the premature termination of transcription immediately

A — 50
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after nucleotide 140 when the 3-4 hairpin is present. The
arrow indicates the mRNAsite past which RNA polymerase
pauses until approached by an active ribosome. [After
Fisher, R. F. and Yanofsky, C., Proc. Natl. Acad. Sci. 258,
8147 (1983).]
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Figure 29-30
Attenuationin the trp operon. (a) When tryptophanyl-—
tRNAT?is abundant, the ribosometranslates trpL mRNA.
The presenceof the ribosome on segment 2 prevénts the
formation of the base paired 2-3 hairpin. The 3-4 hairpin, an
essential componentof the transcriptional terminator, can
thereby form thus aborting transcription. (6) When

quence that can form a self-complementary hairpin
structure followed by several sequential U’s (compare
with Fig. 29-14). Transcription rarely proceeds beyondthis
termination site unless tryptophanis in short supply.

A sectionof the leader sequence, whichincludes seg-
ment1 of the attenuator, is translated to form a 14-resi-

due polypeptide that contains two consecutive Trp resi-
dues (Fig. 29-29,left). The position of this particularly
rare dipeptide segment (only ~ 1%of the residuesin E.
coli proteins are Trp) provided an importantclue to the
mechanism of attenuation. An additional essential

aspect of this mechanism is that ribosomes commence
the translation of a prokaryoticmRNAshortly afterits 5’
end has been synthesized.

The above considerations led Yanofsky to propose the
following model of attenuation (Fig. 29-30). An RNA
polymerase that has escaped repression initiates trp
operontranscription. Soon after the ribosomalinitiation
site of the trpL gene has been transcribed, a ribosome
attaches to it and begins translation of the leader pep-
tide. When tryptophan is abundant, so that there is a
plentiful supply of tryptophanyl-tRNA*®(the transfer
RNAspecific for Trp with an attached Trp residue; Sec-
tion 30-2C), the ribosome follows closely behind the
transcribing RNA polymerasesoasto sterically block
the formationofthe 2-3 hairpin. Indeed, RNA polymer-

  DNA encoding

oD irp operon

tryptophanyl-tRNAT® is scarce, the ribosomestalls on the
tandem Trp codons of segment 1. This situation permits the
formation of the 2-3 hairpin which,in turn, precludes the
formation of the 3-4 hairpin. RNA polymerase therefore
transcribes through this unformed terminator and continues
trp operon transcription.

ase pauses past position 92 of the transcript and only
continues transcription upon the approach of a ribo-
some, thereby ensuring the proximity of these two enti-
ties at this critical position. The prevention of 2°3 hair-
pin formation permits the formation of the 3-4 hairpin,
the transcription terminator pausesite, which results in
the termination of transcription (Fig. 29-304). When
tryptophanis scarce, however, the ribosomestalls at the
tandem UGGcodons(the three sequential nucleotides
specifying Trp; Section 30-1E) because of the lack of
tryptophanyl-tRNA™®.Astranscription continues, the
newly synthesized segments 2 and 3 form a hairpin
because the stalled ribosome prevents the otherwise
competitive formation of the 1-2 hairpin (Fig. 29-30b).
The formation of the transcriptional terminator’s 3-4
hairpin is thereby preempted for sufficient time for RNA
polymerase to transcribe through it and consequently
through the remainderof the trp operon. Thecell is thus
provided with a regulatory mechanism thatis respon-
sive to tryptophanyl—tRNA"®level, which, in turn, de-
pendsonthe protein synthesisrate as well as the trypto-
phan supply.

There is considerable evidence supporting the pre-
ceding modelof attentuation. ThetrpL transcriptis re-
sistant to limited RNase T1 digestion indicating thatit
has extensive secondary structure. The significance of
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the tandem Trp codonsin the trpL transcript is corrobor-
ated by their presence in érp leader regions of several
otherbacterial species. Moreover, the leader peptides of
the five other amino acid-biosynthesizing operons
knownto be regulated by attenuation (most exclusively
so) are all rich in their corresponding aminoacid resi-
dues (Table 29-1). For example, the E. coli his operon,
which specifies enzymes synthesizing histidine, has
seven tandem His residues in its leader peptide; simi-
larly, the ilv operon, which specifies enzymespartici-
pating in isoleucine, leucine, and valine biosynthesis,
has five Ile’s, three Leu’s, and six Val’s in its leader

peptide.Finally, the leader transcripts of these operons
resemble that of the trp operon in their capacity to form
twoalternative secondary structures, one of which con-
tains a trailing termination structure.

F. Regulation of Ribosomal RNA
Synthesis: The Stringent Response

E. coli cells growing under optimal conditions divide
every 20 min. Such cells contain nearly 10,000 ribo-
somes. Yet, RNA polymerasecaninitiate the transcrip-
tion of an rRNAgenenofaster than about once every
second.If the E. coli genomecontained only one copy of
eachof the three types of rRNA genes(thosespecifying
the so-called 23S, 16S, and 5S rRNAs; Section 30-3A),
there could be no more than ~1200 ribosomes/cell,
However, the E. coli chromosome contains seven sepa-
rately located rRNA operons, all of which contain one
nearly identical copy of each type of rRNA gene, thereby
accounting for the observed rRNA synthesis rate.

Cells have the remarkable ability to coordinate the
rates at which their thousands of components are syn-
thesized. For example, E. coli adjust their ribosome con-
tent to match the rate that they can synthesize proteins
under the prevailing growth conditions. The rate of
rRNAsynthesis is therefore proportional to therate of

Table 29-1
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protein synthesis. One mechanism by whichthis occurs
is knownas the stringent response: A shortage of any
species of amino acid-charged tRNA (usually a result of
“stringent”orpoorgrowth conditions) that limits the rate of
protein synthesis triggers a sweeping metabolic readjust-
ment. A major facet of this change is an abrupt 10-to
20-fold reduction in the rate of rRNA and tRNAsynthe-
sis. This stringent control, moreover, depresses numer-
ous metabolic processes (including DNAreplication and
the biosynthesis of carbohydrates, lipids, nucleotides,
proteoglycans, and glycolytic intermediates) while stim-
ulating others (such as amino acid biosynthesis). The
cell is thereby prepared to withstand nutritional depri-
vation.

ppGpp Mediates the Stringent Response
The stringent responseis correlated with a rapid intra-

cellular accumulation of the unusual nucleotide ppGpp
and its prompt decay when amino acids becomeavailable.
The observation that mutants, designated relA~, which
do not exhibit the stringent response (they are said to
have relaxed control), lack ppGpp suggests that this
substance mediates the stringent response. This idea
wascorroborated by in vitro studies demonstrating, for
example, that ppGppinhibits the transcription of rRNA
genesbut stimulates the transcription of the trp and lac
operonsas doesthe stringent responsein vivo. It there-
fore seems that ppGppacts by somehowaltering RNA
polymerase’s promoter specificity at stringently con-
trolled operons, an hypothesis that is supported by the
isolation of RNA polymerase mutants that exhibit re-
duced responses to ppGpp.

Experiments with cell-free E. coli extracts have estab-
lished that the protein encoded by wild-type relA gene,
namedstringentfactor, catalyzes the reaction

ATP + GDP == AMP+ ppGpp

Stringentfactor is only active in association with a ribo-

Amino Acid Sequences of Some Leader Peptides in Operons Subject to Attenuation  

 Operon Amino Acid Sequence’

trp Met-Lys-Ala-Ile-Phe-Val-Leu-Lys-Gly-TRP-TRP-Arg-Thr-Ser
phea Met-Lys-His-Ile-Pro-PHE-PHE-PHE-Ala-PHE-PHE-PHE-Thr-PHE-Pro

his Met-Thr-Arg-Val-Gln-Phe-Lys-HIS-HIS-HIS-HIS-HIS-HIS-HIS-Pro-Asp
leu Met-Ser-His-Ile-Val-Arg-Phe-Thr-Gly-LEU-LEU-LEU-LEU-Asn-Ala-Phe-Ile-Val-Arg-Gly-Arg-Pro-

Val-Gly-Gly-Ie-Gln-His

thr Met-Lys-Arg-ILE-Ser-THR-THE-ILE-THR-THR-THR-ILE-THR-ILE-THR-THR-Gin-Asn-Gly-Ala-Gly
ilo Met-Thr-Ala-LEU-LEU-Arg-VAL-ILE-Ser-LEU-VAL-VAL-ILE-Ser-VAL-VAL-VAL-ILE-ILE-ILE-Pro-

Pro-Cys-Gly-Ala-Ala-Leu-Gly-Arg-Gly-Lys-Ala   

* Uppercaseresidues are synthesized in the pathwaycatalyzed by the operon’s
gene products.

Source: Yanofsky, C., Nature 289, 753 (1981).
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880 Section 29-4. Post-Transcriptional Processing

somethatis actively engaged in translation. ppGpp syn-
thesis occurs at a maximal rate when a ribosomebinds

its mRNA-specified but uncharged (lacking an amino
acid residue) tRNA. The binding of a specified and
charged tRNA greatly reduces the rate of ppGpp syn-
thesis. The ribosome apparently signals the shortage of an
amino acid by stimulating the synthesis of ppGpp which,
acting as an intracellular messenger, influences the rates at
which a great variety of operons are transcribed.

ppGpp degradation is catalyzed by the spoT gene
product, The spoT~ mutants show a normalincreasein
ppGpplevel upon aminoacid starvation but an abnor-
mally slow decay of ppGppto basal levels when amino
acids again becomeavailable. The spoT” mutantsthere-
fore exhibit a sluggish recovery from the stringent re-
sponse. The ppGpp level is apparently regulated by the
countervailing activities of stringent factor and the spoT
gene product.

4, POST-TRANSCRIPTIONAL

PROCESSING

The immediate products of transcription, the primary
transcripts, are not necessarily functional entities. In
order to acquire biological activity, many of them must
be specifically altered in several ways:(1) by the exo and
endonucleolytic removal of polynucleotide segments;
(2) by appending nucleotide sequencesto their 3’ and 5’
ends; and (3) by the modification of specific nucleosides.
The three major classes of RNAs, mRNA, rRNA, and
tRNA,are altered in different ways in prokaryotes and
in eukaryotes. In this section we shall outline these
post-transcriptional modification processes.

A. Messenger RNA Processing

In prokaryotes, most primary mRNAtranscripts func-
tion in translation without further modification. Indeed,

as we haveseen, ribosomesin prokaryotes usually com-
mence translation on nascent mRNAs.In eukaryotes,
however, mRNAsare synthesized in the cell nucleus
while translation occurs in the cytosol. Eukaryotic
mRNA transcripts can therefore undergo extensive
post-transcriptional processing while still in the nu-
cleus.

Eukaryotic mRNAs Are Capped
Eukaryotic mRNAs have a peculiar enzymatically ap-

pended cap structure consisting of a 7-methylguanosine
residue joined to the transcript’s initial (5’) nucleoside via a
5’-5’ triphosphate bridge (Fig. 29-31). The cap, which a
specific guanylyltransferase adds to the growing tran-
script before it is > 20-nucleotides long, defines the eu-

0 CH;
|.

N N
\tin | a

7-Methyl G

| May be
O x”~N®methylated

| Base, ifA

Figure 29-31
The structure of the 5’ cap of eukaryotic mRNAs.It is
knownas cap-0, cap-1, or cap-2, respectively,if it has no
further modifications, if the leading nucleoside of the
transcript is O(2')-methylated,orif its first two nucleosides
are 0(2'}-methylated.

karyotic translational start site (Section 30-3C). A cap
maybe O (2’)-methylatedat the transcript’s leading nu-
cleoside (cap-1, the predominant cap in multicellular
organisms),at its first two nucleosides (cap-2), or at nei-
ther of these positions (cap-0, the predominantcap in
unicellular eukaryotes). If the leading nucleoside is
adenosine(it is usually a purine), it may also be N®-
methylated.

Eukaryotic mRNAsHavePoly(A)Tails
Eukaryotic mRNAs, in contrastto those of prokaryotes,

are invariably monocistronic. Yet, the sequencessignaling
transcriptional termination in eukaryotes have not been
identified. This is largely because the termination pro-
cess is imprecise; that is, the primary transcripts of a
givenstructural gene have heterogeneous3’ sequences.
Nevertheless, mature eukaryotic mRNAshavewell-de-
fined 3’ ends; almostall of them have 3’-poly(A) tails of 100
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to 200 nucleotides. The poly(A) tails are enzymatically
appendedto the primary transcripts in two reactions:

1. A transcript is cleaved 10 to 30 nucleotides past a
highly conserved AAUAAA sequence, whose muta-
tion abolishes cleavage and polyadenylation, and
within 50 nucleotides before a less conserved U-rich
or GU-rich sequence.

2. The poly(A)tail is subsequently generated from ATP
through the stepwise action of poly(A) polymerase.

The precision of the cleavage reaction has apparently
eliminated the need for accuratetranscriptional termi-
nation; to put things another way,all’s well that ends
well.

In vitro studies indicate that a poly(A)tail is not re-
quired for mRNAtranslation. Rather, the observations
that an mRNA’s poly(A) tail shortensasit ages in the
cytosol and that unadenylated mRNAshave abbrevi-
ated cytosolic lifetimes suggest that poly(A)tails have a
protective role. In fact, the only mature mRNAsthat
generally lack poly(A)tails, those of histones (which,
with few exceptions, lack the AAUAAA cleavage
polyadenylation signal), have lifetimes of <30 min in
the cytosol, whereas most other mRNAslast hours or
days.

Eukaryotic Genes Consist of Alternating Expressed
and Unexpressed Sequences

The moststriking difference between eukaryotic and pro-
karyotic structural genes is that the coding sequences of
most eukaryotic genes are interspersed with unexpressed
regions. Early investigations of eukaryotic structural
gene transcription found, quite surprisingly, thatpri-
mary transcripts are quite heterogeneousin length (from
~ 2000 to well over 20,000 nucleotides) and are much
larger than is expected from the knownsizesof eukary-
otic proteins. Rapid labeling experiments demonstrated
thatlittle of this so-called heterogeneous nuclear RNA
(hnRNA)is ever transportedto the cytosol; mostofit is
quickly turned overin the nucleus. Yet, the hnRNA’s 5’
caps and 3’tails eventually appearin cytosolic mRNAs.
The straightforward explanation of these observations, that
pre-mRNAsare processed by the excision of internal se-
quences, seemed so bizarre thatit cameas a great suprise in
1977 when it was independently demonstrated in several
laboratories thatthis is actually the case. In fact, the pre-
mRNA’s noncoding intervening sequences (IVSs or
introns) are usually of greater length than their flanking
expressed sequences (exons). This situation is graphi-
cally illustrated in Fig. 29-32, which is an electron mi-
crograph of chicken ovalbumin mRNAhybridized to
the sense strand of the ovalbumin gene (ovalbuminis
the major protein componentof egg white). The lengths
of intronsin vertebrate genes ranges from ~ 65 to over
100,000 nucleotides with no obvious periodicity. In-
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Figure 29-32
Anelectron micrograph andits interpretive drawing of a
hybrid between the sense strand of the chicken ovalbumin
gene(as obtained by molecular cloning methods; Section
31-5) and its corresponding mRNA. The complementary
segments of the DNA(purple line in drawing) and MRNA
(red line) have annealed to reveal the exon positions
(L, 1-7). The looped-out segments(I-VII), which have no
complementary sequencesin the mRNA,aretheintrons.
[From Chambon,P., Sci. Am. 244(5): 61 (1981).

deed, the correspondingintrons from genesin twover-
tebrate species can vary extensively in both length and
sequencesoasto bearlittle resemblance to one another.

Further investigations established that the formation
of eukaryotic mRNAbeginswith the transcription of an
entire structural gene, includingits introns, to form pre-
mRNA(Fig. 29-33). Then, following capping and per-
haps polyadenylation, the introns are excised and their
flanking exons are connected, a process called gene
splicing, to yield the mature mRNA.The moststriking
aspect ofgenesplicingis its precision; if one base too few or
too many were excised, the resulting mRNA could not be
translated properly (Section 30-1B). Moreover, exons are
never shuffled; their order in the mature mRNA is exactly
the sameasthat in the gene from whichitis derived. In the
following subsections we discuss the mechanism of this
remarkable splicing process.

Exons Are Spliced in a Two-Stage Reaction
Sequence comparisons of exon-intron junctions

from a diverse group of eukaryotes indicate that they
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Figure 29-33
The sequenceof steps in the production of mature
eukaryotic MRNA as shownforthe chicken ovalbumin gene.

have a high degree of homology (Fig. 29-34), includ-
ing, as Richard Breathnach and Pierre Chambonfirst
pointed out, an invariant GUat the intron’s 5’ boundary
and an invariant AGatits 3’ boundary. These sequencesare
necessary and sufficient to define a splice junction: Muta-
tions that alter the sequences interfere with splicing,
whereas mutations that change a nonjunction to a con-
sensuslike sequence can generate a new splice junction.

Investigations of both cell free and in vivo splicing
systemsby Argiris Efstradiadis, Michael Rosbash, Phil-
lip Sharp, and Tom Maniatis haveestablished that in-
tron excision occurs in tworeactions (Fig. 29-35):

1. The formation of a 2’,5’ phosphodiester bond be-
tween anintron adenosineresidue andits 5’-terminal

phosphate group with the concommitantrelease of

5' splice
site

Ovalbumin gene, 7700 bp

o<——
-<—— 1872 nucleotides

 

Splicing

Followingtranscription, the primary transcript is capped and
polyadenylated. The introns are then excised and the exons
spliced together to form the mature MRNA.

the 5’ exon. The intron thereby assumes a novel lariat
structure. The adenosineresidueat thelariat branch

has been identified as the A in the sequence CURAY
[where R represents purines (A or G) and Y repre-
sents pyrimidines (C or U)], which is highly con-
served in vertebrate mRNAsandis typically located
20 to 50 residues upstream ofthe 3’ splice site (yeast
have a similar UACUAAC sequence that occurs
~50-residues upstream from allits 3’ splice sites).
Mutations that change this branch point A residue
abolish splicing at thatsite.

2. The now free 3’-OH group of the 5’ exon forms a
phosphodiester bond with the 5’-terminal phosphate
of the 3’ exon yielding the spliced product. The intron
is thereby eliminated in its lariat form and, in vivo, is
rapidly degraded. Mutationsthatalter the conserved

3' splice
site

~<— Exon+—Intron. —————~|*— Exon >
 

Figure 29-34
The consensus sequence at the exon-intron junctions of
eukaryotic pre-mRNAs.The subscripts indicate the percent
of pre-mRNAsin which specified base(s) occurs. Note that

 

the 3° splice site is preceded by a tract of 11 predominantly
pyrimidine nucleotides. [Based on data from Padgett, R. A..,
Grabowski, P. J., Konarska, M. M., Seiler, S. S., and Sharp,
P. A., Annu. Rev. Biochem. 55, 1123 (1986).]
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Exon 1 —};-x-——__—_______ Intron ———————---—_ |-*_ Exon z,

premRNA 5‘ fama

aSeOH 2
 

t
5' splice

site

  
 

 

Excised intron in lariat form

Figure 29-35
The sequenceof transesterification reactions that splice
together the exons of eukaryotic pre-mRNAs(the exons and
introns are respectively drawn in black and red; R and Y,
resectively, represent purine and pyrimidine residues):
(1) The 2'-OH group of a specific intron A residue

AG atthe 3’ splice junction block this second step
although they do notinterfere with lariat formation.

Note that the splicing process proceeds without free
energy input; its transphosphorylation reactions pre-
serve the free energy of each cleaved phosphodiester
bond through the concomitant formation of a new one.

Splicing Is Mediated by snRNPs
Howaresplice junctions recognized and howare the

two exons to be joined brought togetherin the splicing
process? Part of the answerto this question was estab-
lished by Joan Steitz going on the assumption that one
nucleic acid is best recognized by another. The eukary-
otic nucleus, as has been known since the 1960s, con-

tains numerouscopies of several highly conserved 60 to
300 nucleotide RNAs called small nuclear RNAs

(snRNAs), which form protein complexes termed small
nuclear ribonucleoproteins (snRNPs; pronounced
“snurps”). Steitz recognized that the 5’ end of one of
these snRNAs, Ul1-snRNA (so-called because it is a

1 f
3' splice

site

 
 

Splice junction

Exon 1 | Exon 2

+ Spliced exons

nucleophilically attacks the 5‘ phosphate at the 5’ intron
boundary to yield an unusual 2’,5'-phosphodiester bond and
thus form a lariat structure. (2) The liberated 3’-OH group
forms a 3’,5’-phosphodiester bond with the 5‘ terminal
residue of the 3’ exon, thereby splicing the two exons
together and releasing the intronin lariat form.

member of a U-rich subfamily of snRNAs),is partially
complementary to the 5’ consensus sequence of mRNA
splice junctions. The consequent hypothesis, that U1-
snRNPrecognizesthe 5’ splice junction, was corroborated
by the observationsthatsplicing is inhibited by the se-
lective destruction of the U1-snRNP sequencesthat are
complementary to the 5’ splice junction and bythe pres-
ence of anti-U1-snRNP antibodies (produced by pa-
tients suffering from systemic lupus erythematosus,
an often fatal autoimmune disease). Similar studies
have implicated U2-snRNP in recognizing the intron
region that forms thelariat branch point and U5-snRNP
in recognizing the 3’ splice junction. Altogether, ~ 65
pre-mRNAnucleotides participate in this recognition
process, which rationalizes why introns are minimally
65 nucleotides in length.

Splicing takes place in an as yet poorly characterized 50S
to 60S particle dubbed the splicosome(Fig. 29-36). The
splicosomebrings together a pre-mRNA,the foregoing
snRNPs, U4-U6-snRNP(in which U4 and U6 snRNAs
associate by base pairing and which bindsto the other
snRNPsrather than directly to pre-mRNA), anda vari-

a

i
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Figure 29-36
An electron micrograph of splicosomesin action. The
splicosomesare the large beads on the pre-mRNAs
extending above and below the horizontal DNA.[From
Steitz, J. A., Sci. Am. 258(6): 59 (1988). Electron micrograph
by Yvonne N. Osheim.]

ety of pre-mRNAbinding proteins (U4—U6-snRNPhas
also been implicated in the previously described polya-
denylation reaction). Note that the splicosomeis a large
particle; the similarly sized large ribosomal subunit of E.
coli consists of 3004 nucleotides and 31 polypeptides
and hasa particle mass of 1.6 million daltons (Section
30-3A). The biochemical significance of splicing is dis-
cussed in Section 33-2F.

mRNAIs Methylated at Certain Adenylate Residues
During or shortly after the synthesis of vertebrate

pre-mRNAs, ~ 0.1% of their A residues are methylated
at N(6). These m°A’s tend to occur in the sequence
RRm®ACX,where X is rarely G. Althoughthe functional
significance of these methylated A’s is unknown,it
should be noted that a large fraction of them are compo-
nents of the corresponding mature mRNAs.

B. Ribosomal RNA Processing

The seven E. coli rRNA operons all contain one
(nearly identical) copy of each of the three types of
rRNA genes (Section 29-3F). Their polycistronic pri-
mary transcripts, which are >5500 nucleotides in
length, contain 16S rRNAattheir 5’ ends followed by
the transcripts for 1 or 2 tRNAs, 23S rRNA, 5S rRNA
and, insome rRNAoperons, 1 or 2 more tRNAsatthe 3’
end (Fig. 29-37). The steps in processing these primary
transcripts to mature rRNAs (Fig. 29-37) were eluci-
dated with the aid of mutants defective in one or more of

the processing enzymes.
Theinitial processing, which yields products known

as pre-rRNAs, commenceswhile the primary transcript
is still being synthesized. It consists of specific endonu-
cleolytic cleavages by RNase III, RNase P, RNase E,
and RNaseF at the sites indicated in Fig. 29-37. The
base sequence of the primary transcript suggests the
existence of several base paired stems. The RNaseIII
cleavages occur in a stem consisting of complementary
sequences flanking the 5’ and 3’ ends of the 23S seg-
ment (Fig. 29-38) as well as that of the 165 segment.
Presumably certain features of these stems constitute
the RNaseIII recognitionsite.

The 5’ and 3’ ends of the pre-rRNA’s are trimmed
awayin secondary processing steps (Fig. 29-37) through
the action of RNAses M16, M23, and M5to producethe
mature rRNAs. These final cleavages only occur after
the pre-rRNAs becomeassociated with ribosomal pro-
teins.

Primary transcript
Number
of bases: 180

5!
150 200

Ta 

 

 

 

 

2920

RNase:
Primary processing

Pre-16S rRNA Y Pre-23S rRNA

RNase: |
Secondary processing

5S rRNA

16S rRNA tRNA(s) Y 23S rRNA | tRNA(s)
eSi 7a 8=6ffl
of bases: 41541 2904 120

Figure 29-37
The post-transcriptional processing of E. coli rRNA. The
transcriptional map is shown approximately to scale. The
labeled arrowsindicate the positions of the various
nucleolytic cuts and the nucleases that generate them.

[After Apiron, D., Ghora, B. K., Plantz, G., Misra, T. K., and
Gegenheimer,P., in Séil, D., Abelson, J. N., and Schimmel
P. R. (Eds.), Transfer RNA: Biological Aspects, p. 148, Cold
Spring Harbor Laboratory (1980).]
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Figure 29-38
The proposed stem-and-giant-loop secondary structure in
the 23S region of the E. coli primary rRNAtranscript. The
RNaseIII cleavage sites are indicated. [After Young. R. R.,
Bram,R.J., and Steitz, J. A., in Sdll, D., Abelson, J. N., and
Schimmel, P. R. (Eds.), Transfer RNA: Biological Aspects,p.
102, Cold Spring Harbor Laboratory (1980).]

Ribosomal RNAsAre Methylated
During ribosomal assembly, the 16S and 235 rRNAs

are methylated at a total of 24 specific nucleosides. The
methylation reactions, which employ S-adenosylmethi-
onine (Section 24-3E) as a methy] donor, yield N®,N®-di-
methyladenine and O”-methylribose residues. O7-
methyl groups are thought to protect adjacent
phosphodiester bonds from degradation byintracellular
RNases (the mechanism of RNase hydrolysis involves
utilization of the free 2’-OHgroupof ribose to eliminate
the substituent on the 3’-phosphoryl groupvia thefor-
mation of a 2’,3’-cyclic phosphate intermediate; Section
28-1). However, the function of base methylation is un-
known.
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Eukaryotic rRNA Processing Resembles That
of Prokaryotes

The eukaryotic genometypically has several hundred
tandemly repeated copies of rRNA genesthat are con-
tained in small dark-staining nuclear bodies known as
nucleoli (the site of rRNA transcription, processing, and
ribosomal subunit assembly; Fig. 1-5). The primary
rRNAtranscript is an ~ 7500-nucleotide 45S RNAthat
contains, starting from the 5’ end, the 18S, 5.85, and 28S
rRNAsseparated by spacer sequences (Fig. 29-39). In
the first stage of its processing, 45S RNAis specifically
methylated at ~ 110 sites that occur mostlyin its rRNA
sequences. About 80% of these modificationsyield O”’-
methylribose residues and the remainder form methyl-
ated bases such as N®,N°-dimethyladenine and 2-meth-
ylguanine. The subsequent cleavage and trimming of
the 45S RNA superfically resembles that of prokaryotic
tRNAs. In fact, enzymes exhibiting RNAse III and
RNase P-like activities occur in eukaryotes. The 55 eu-
karyotic rRNAis separately processed in a mannerre-
sembling that of tRNA (Section 29-4C).

Some Eukaryotic rRNA GenesAre Self-Splicing
Only a few eukaryotic rRNA genes contain introns.

Nevertheless, Thomas Cech’s study of how such genes
are spliced in the ciliated protozoan Tetrahymenather-
mophila led to an astonishing discovery: RNA can act as
an enzyme. Whentheisolated pre-rRNA ofthis organism is
incubated with guanosine or a free guanine nucleotide
(GMP, GDP, or GTP), but in the absence of protein, its
single 413-nucleotide intron excises itself and splices to-
gether its flanking exons; that is, this pre-rRNA is self-
splicing. The three-step reaction sequence ofthis process
(Fig. 29-40) resembles that of mRNAsplicing:

1. The 3’-OH group of the guanosine forms a phospho-
diester bond with the intron’s 5’ end.

2. The 3’-terminal OH group of the newly liberated 5’
exon forms a phosphodiester bond with the 5’-termi-
nal phosphate of the 3’ exon thereby splicing to-
gether the two exonsandreleasing the intron.

3. The 3’-terminal OH group of the intron forms a
phosphodiester bond with the phosphate of the nu-
cleotide 15 residues from the intron’s 5’ end,yielding
the 5’-terminal fragment with the remainder of the
intron in cyclic form.

45S RNA

 
188 5.88 28S

Figure 29-39
The organization of the 45S primary transcript of eukaryotic
rRNA.
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Figure 29-40
The sequenceof reactionsin the self-splicing of
Tetrahymena pre-rRNA:(1) The 3’-OH group of a guanine
nucleotide attacks the intron’s 5'-terminal phosphate so as
to form a phosphodiester bond and release the 5’ exon.(2)
The newly generated 3’-OH groupof the 5’ exon attacks the 5 Ee
5’-terminal phosphate of the 3’ exon therebysplicing the
two exons and releasing the intron. (3) The 3'-OH group of
the intron attacks the phosphate of the nucleotide that is 15
residues from the 5’ end so as to cyclize the intron and
releaseits 5’-terminal fragment. Throughout this process,
the RNA maintains a folded, internally hydrogen bonded
conformation that permits the precise excision of the intron.

 

 

G—QH,.

Left exon

Thisself-splicing process, which similarly occurs in fun-
gal mitochondrial rRNA, consists of a series of trans-
esterifications and therefore does not require free en-
ergy input. Cech further established the enzymatic
properties of the Tetrahymena intron, which presumably
stem from its three-dimensional structure, by demon-
strating thatit catalyzes the in vitro cleavage of poly(C)
with an enhancement factor of 10'° over the rate of

spontaneoushydrolysis. Indeed, this RNA catalyst even
exhibits Michaelis— Menton kinetics (Ky = 42 uM and 2
ka = 0.033 s~! for Cs). Such RNA enzymes have been
named ribozymes.

Althoughthe idea that an RNA can have enzymatic
properties may be unorthodox, there is no fundamental
reason why an RNA,or any other macromolecule, cannot
have catalytic activity. Of course, in orderto be an effi-
cient catalyst, a macromolecule mustbe able to assume a
stable structure but, as we shall see in Sections 30-2B

and 3A, RNAsin the form of tRNA and most probably
rRNA do just that. The chemical similarities of the
mRNA and rRNAsplicing reactions therefore suggest
that splicosomes are ribozymal systems that evolved
from primordialself-splicing RNAs and thattheir pro-
tein components merely serve to fine tune the ribo-
zymes’structure and function. Similarly, the RNA com-
ponents of ribosomes, which are more than one-half
RNAandtherest protein, probably havecatalytic func-
tions in addition to the structural and recognition roles
usually attributed to them (Section 30-3). Thus, the ob-
servations that cells contain batteries of enzymes for
manipulating DNA but few for processing RNA, and
that many coenzymesare ribonucleotides (e.g., ATP,
NAD*, and CoA), led to the hypothesis that RNAs were
the original biological catalysts in precellular times and
that the chemically more versatile proteins were relative
latecomers in macromolecular evolution (Section 1-4C).

 

Cyclized intron

C. Transfer RNA Processing
tRNAs, as wediscussin Section 30-2A, consist of ~ 80

nucleotides that assume a secondarystructure with four
base paired stems knownasthe cloverleaf structure
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Anticodon

Figure 29-41
A schematic diagram of the tRNA cloverleaf secondary
structure. Each dotindicates a base pair in the hydrogen
bonded stems. The position of the anticodontriplet and the
3’-terminal —CCAareindicated.

(Fig. 29-41), All tRNAs havea large fraction of modified
bases (whosestructure, function, and synthesisis also
considered in Section 30-2A) and each hasthe 3’-termi-
nal sequence — CCAtowhichthe corresponding amino
acid is appendedin the amino acid-charged tRNA. The
anticodon (which is complementary to the codon speci-
fying the tRNA’s corresponding aminoacid) occurs in
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the loop of the cloverleaf structure opposite the stem
containing the terminal nucleotides.

The E. coli chromosome contains ~ 60 tRNA genes.
Some of them are components of rRNA operons (Sec-
tion 29-4A); the others are distributed, often in clusters,
throughout the chromosome. The primary tRNA tran-
scripts, which contain from one to as many as four or
five identical tRNA species, have extra nucleotides at
the 3’ and 5’ ends of each tRNAsequence. The excision
and trimming of these tRNA sequences resembles that
for E. coli rRNAs(Section 29-4B) in that both processes
employ some of the same nucleases.

RNase P Is a Ribozyme
RNase P, which generates the 5’ endsofall E. coli

tRNAs(Fig. 29-37), is a particularly interesting enzyme
becauseit has a 377-nucleotide RNA component(~ 125
kD vs 14 kD forits protein subunit) that is essential for
enzymatic activity. The enzyme’s RNA was, quite un-
derstandably,first proposed to function in recognizing
the substrate RNA throughbasepairing and to thereby
guide the protein subunit, which was presumed to be
the actual nuclease, to the cleavagesite. However, Sid-
ney Altman has shownthat the RNA componentofRNase
P is, in fact, the enzyme’s catalytic subunit by demonstrat-
ing that protein-free RNase P RNAcatalyzes the cleav-
age of substrate RNAathigh salt concentrations. RNase
P protein, whichis basic, evidently functions at physio-
logical salt concentrationsto electrostatically reduce the
repulsions between the polyanionic ribozyme and sub-
strate RNAs. The argument that trace quantities of
RNaseP protein are really responsible for the RNase P
reaction wasdisposed of by showingthat catalytic activ-
ity is exhibited by RNase P RNAthat has been tran-
scribed in a cell-free system. Thus we now have two
independent examples of ribozymes.
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Many Eukaryotic Pre-tRNAs HaveIntrons
Eukaryotic genomes contain from several hundred to

several thousand tRNA genes. Many eukaryotic pri-
mary tRNAtranscripts, for example, yeast tRNA™ (Fig.
29-42), contain a small intron adjacent to their antico-
donsas well as extra nucleotides at their 5’ and 3’ ends.

Notethat this intron is unlikely to disrupt the tRNA’s
cloverleaf structure. Eukaryotic tRNA transcripts lack
the obligatory —CCA sequenceattheir 3’ end. This is

appendedto the immature tRNAsby the enzyme tRNA
nucleotidyltransferase, which sequentially adds two
C’s and an A to tRNA using CTP and ATPassubstrates.
This enzyme also occurs in prokaryotes although, at
least in E. coli, the tRNA genesall encode a —CCA
terminus. The E. coli tRNA nucleotidyltransferase is
therefore thoughtto functionin the repair of degraded
tRNAs.

3!
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U A C (78 nucleotides)U
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Figure 29-42
The post-transcriptional processing of yeast tRNA’. A
14-nucleotide intervening sequence and a 19-nucleotide 5’-
terminal sequence are excised from the primary transcript, a

——CCAis appendedto the 3’ end and several of the bases
are modified (their symbols are defined in Fig. 30-13) to form
the mature tRNA. The anticodonis shaded. [After
DeRobertis, E. M. and Olsen, M. V., Nature 278, 142 (1989).]
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The central dogma of molecular biology states that “DNA
makes RNA makesprotein”(although RNAcanalso “make”
DNA). Thereis, however, enormous variation amongtherates
that the various proteins are made. Certain enzymes, such as
those of the lac operon, are synthesized only when the sub-
stances they metabolize are present. The Jac operon consists of
the control sequences lacP and lacO followedby the tandemly
arranged genes for f-galactosidase (lacZ), galactoside per-
mease(lacY), and thiogalactoside transacetylase(lacA). In the
absenceof inducer, physiologically allolactose, the lac repres-
sor, the product of the lacI gene, binds to operator (lacO) so as
to prevent the transcription of the lac operon by RNApoly-
merase. The binding of inducer causes the repressorto release
the operator that allows the Jac structural genes to be tran-
scribed onto a single polycistronic mRNA. The mRNAstran-
siently associate with ribosomesso asto direct them to synthe-
size the encoded polypeptides.

The holoenzymeof E. coli RNA polymerasehasthe subunit
structure a, £f’o.It initiates transcription on the sense strand
of a gene at a position designated by its promoter. The most
conserved region of the promoteris the Pribnow box, whichis
centered at about the —10 position and has the consensus
sequence TATAAT. The — 35regionis also conservedin effi-
cient promoters. Methylation protection studies indicate that
holoenzymeformsan “open”initiation complex with the pro-
moter. After the initiation of RNA synthesis, the o subunit
dissociates from the core enzyme, which then autonomously
catalyzes chain elongation in the 5’ — 3’ direction. RNA syn-
thesis is terminated by a segmentofthe transcript that forms a
G + C-rich hairpin with an oligo(U) tail that spontaneously
dissociates from the DNA. Termination sequences that lack
these sequences require the assistance of rho factor for proper
chain termination.In the nuclei of eukaryotic cells, RNA poly-
merasesI, II, andIII, respectively, synthesize rRNA precur-
sors, hnRNA, and tRNAs+ 5S RNA. The minimal RNA

polymerase I promoter extends between nucleotides —7 and
+6. Many RNA polymeraseII promoters contain a conserved
TATAAAAsequence, the TATA box, located aroundposition
— 27, Enhancers are transcriptional activators that can have
variable positions and orientationsrelative to the transcription
start site. RNA polymeraseIII promoters are located within the
transcribed regions of their gene between positions +40 and
+80,

Prokaryotes can respondrapidly to environmental changes,
in part, because the translation of mRNAs commencesduring
their transcription and because most mRNAsare degraded
within 1 to 3 min of their synthesis. The temporally ordered
expression of sets of genes in some bacteriophagesis con-
trolled by cascades of o factors. The lac repressoris a tetra-
meric protein of identical subunits that, in the absenceof in-
ducer, nonspecifically binds to duplex DNA but binds much
more tightly to lac promoter. The promoter sequence that lac
repressor protects from nuclease digestion has nearly palin-
dromic symmetry. Yet, methylation protection and muta-
tional studies indicate that repressor is not symmetrically
bound to promoter. Repressor and RNA polymerase compete
for the same promoter-bindingsites.
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The presence of glucose represses the transcription of
operonsspecifying certain catabolic enzymes through the me-
diation of cAMP. Upon binding cAMP,whichis only formed
in the absence of glucose, catabolite gene activator protein
(CAP)binds to the promoters of certain operons, such as the
lac operon, thereby activating their transcription. CAP’s two
symmetry equivalent DNA-binding domainseach bindin the
major groove of their target DNAvia a helix—turn—helix motif
that occurs in numerous prokaryotic repressors. The binding
between these repressors and their target DNAs is mediated
by mutually favorable associations between these macromole-
cules rather than any specific interactions between base pairs
and aminoacid side chains analogous to Watson—Crick base
pairing. araBAD transcription is controlled by CAP—cAMP
and AraC through a remarkable complex of AraC to two-
bindingsites, araO, and aral, that forms a DNAloop.In this
system, AraCalso regulates its own synthesis by binding to the
araQ, site so as to repress the transcription of the araC gene.
The expression of the E. coli trp operon is regulated both by
attenuation as well as repression. Upon binding tryptophan,
its corepressor, trp repressor bindsto the trp operator thereby
blocking trp operon transcription. When tryptophanis avail-
able, muchof the trp transcript that has escaped repression is
prematurely terminatedin the trpL sequence becauseits tran-
script contains a segment that forms a normal terminator
structure. When tryptophanyl-tRNA™® is scarce, ribosomes
stall at the transcript’s two tandem Trp codons. This permits
the newly synthesized RNA to form a base paired stem and
loop that prevents the formation of the terminatorstructure.
Several other operonsare similarly regulated by attenuation.
Thestringent response is another mechanism by whichE.coli
match the rate of transcription to charged tRNAavailability.
Whena specified charged tRNAis scarce, stringent factor on
active ribosomes synthesizes ppGpp, which inhibits the tran-
scription of rRNA and some mRNAswhile stimulating the
transcription of other mRNAs.

Prokaryotic mRNA transcripts require no additional pro-
cessing. However, eukaryotic mRNAs have an enzymatically
appended 5’ cap and, in most cases, an enzymatically gener-
ated poly(A)tail. Moreover, the introns of eukaryotic mRNA
primary transcripts (hnnRNAs)are precisely excised and their
flanking exonsare spliced together to form mature mRNAsin
a snRNP-mediated process that takes place in splicosomes.
The primary transcript of E. coli rRNAs contains all three
rRNAs together with some tRNAs. These are excised and
trimmed by specific endonucleases and exonucleases. The
rRNAsare also modified by the methylation of specific nu-
cleosides. The eukaryotic 185, 5.8S, and 285 rRNAsaresimi-
larly transcribed as a 45S precursor which is processed in a
mannerresemblingthat of E. coli rRNAs. Theintron of Tetra-
hymena pre-rRNAis removedin an RNA-catalyzedself-splic-
ing reaction. Prokaryotic tRNAsare excised from their primary
transcripts and trimmed in much the same manner as rRNAs.
In RNaseP, one of the enzymes mediating this process, the
catalytic subunit is an RNA. Eukaryotic tRNA transcripts also
require the excision of a short intron and the enzymatic addi-
tion of a 3’-terminal —CCAto form the mature tRNA,
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Problems

1.

*3.

5' CAACGTAACACTTTACAGCGGCGCGTCATTTGATATGATGCGCCCCGCT TCCCGATA 3

3 GTTGCATTGTGAAATGTCGCCGCGCAGTAAACTATACTACGCGGGGCGAAGGGCTAT 5:

*6.

 

Indicate the phenotypesof the following E.coli lac partial
diploids in terms of inducibility and active enzymes syn-
thesized.

(a) IPPtO*ZtY—/I*P-O*tZtYt
(b) I-P*O* Z+Y—/I*PtOtZ-Yt
(c) IPP*O* ZtY*/I-PtOtZtyt
(d) I*P-O* Z*Yt/I-Pt+O* Z-Y—

. Superrepressed mutants, 1°, encode lac repressors that
bind operator but do not respond to the presence of in-
ducer. Indicate the phenotypesofthe following genotypes
in terms of inducibility and enzyme production.
(a) SOtZ+=(b) BOPZ+ —(e) FHOCZ*/ISOtZt

Whydo lacZ” E. coli fail to show galactoside permease
activity after the addition of lactose in the absenceof glu-
cose? Whydo lac Y~ mutantslack £-galactosidase activity
under the same conditions?

. Whatis the experimental advantageofusing IPTG instead
of 1,6-allolactose as an inducerof the lac operon?

. Indicate the Pribnow box, —35 region andinitiating nu-
cleotide on the antisense strandof the E. coli tRNA™ pro-
moter shown below.

WhyareE. coli that are diploid for rifamycin resistance
and rifamycin sensitivity (rif®/rif5) sensitive to rifamycin?

10.

11,

12.

13.

14.

. What is the probability that the 4026-nucleotide DNA
sequence coding for the f subunit of E. coli RNA polymer-
ase will be transcribed with the correct base sequence.
Perform the calculations for the probabilities of 0.0001,
0.001, and 0.01 that each baseis incorrectly transcribed.

. Whatis the probability that the symmetry ofthe Jac opera-
tor is merely accidental?

. Why does the inhibition of DNAgyrase in E. coli inhibit
the expression of catabolite sensitive operons?

Describe thetranscription of the trp operon in the absence
of active ribosomes and tryptophan.

Whycan’t eukaryotic transcription be regulated by atten-
tuation?

Charles Yanofsky and his associates have synthesized a
15-nucleotide RNAthat is complementary to segment1 of
irpL mRNa(but only partially complementary to segment
3). Whatis its effect on the in vitro transcription of trp
operon? Whatisits effectif the irpL gene contains a muta-
tion in segment2 that destablizes the 2-3 stem and loop?

Whyare relA~ mutants defective in the in vivo transcrip-
tion of the his and trp operons?

Whyaren't primary rRNAtranscripts observed in wild-
type E. coli?
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TRANSLATION

 

1. The Genetic Code

A. Chemical Mutagenesis

B. CodonsAre Triplets

C. Genes Are Colinear with Their Specified Polypeptides

D. Deciphering the Genetic Code
E. The Nature of the Code

2. Transfer RNA

. Primary and Secondary Structures

. Tertiary Structure

. Aminoacyl-tRNA Synthetases

. Codon-Anticodon Interactions

. Nonsense Suppression

moowowr,>
3. Ribosomes

. Ribosome Structure

. Polypeptide Synthesis: An Overview

. Chain Initiation

. Chain Elongation

. Chain Termination

. Translational Accuracy

. Pratein Synthesis Inhibitors: Antibiotics

Oonmondnnp>
4. Control of Eukaryotic Translation

A. Translational Control by Heme
B. Interferon

C. mRNA Masking
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5. Post-Translational Modification

A. Proteolytic Cleavage
B. Covalent Modification

6. Protein Degradation

A. Degradation Specificity

B, Degradation Mechanisms

7. Nonribosomal Polypeptide Synthesis

In this chapter we consider translation, the mRNA-
directed biosynthesis of polypeptides. Although pep-
tide bond formationis a relatively simple reaction, the
complexity of the translational process, which involves
the coordinated participation of over 100 macromole-
cules, is mandated by the needto link 20 different amino
acid residues accurately in the order specified bya par-
ticular mRNA.

Webeginby considering the genetic code, the corre-
spondence between nucleic acid sequences and poly-
peptide sequences. Next, we examine thestructures and
properties of tRNAs, the amino acid-bearing entities
that mediate the translation process. Following this, we
take up what is known about ribosomes, the complex
molecular machines that catalyze peptide bond forma-
tion between the mRNA-specified aminoacids. Peptide
bond formation, however, does not necessarily yield a
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functional protein; many polypeptides mustfirst be
post-translationally modified as we discuss in the sub-
sequent section. We then study howcells degrade pro-
teins, a process that must balance protein synthesis, and
finally, consider the nonribosomalsynthesis of certain
small and unusual polypeptides.

1. THE GENETIC CODE  

How does DNA encodegenetic information? Accord-
ing to the one gene—one polypeptide hypothesis, the
genetic message dictates the amino acid sequences of
proteins. Since the base sequence of DNAis the only
variable element in this otherwise monotonously re-
peating polymer, the amino acid sequenceof a protein
must somehowbespecified by the base sequenceof the
corresponding segment of DNA.

A DNAbase sequence might specify an amino acid
sequence in many conceivable ways. With only 4 bases
to code for 20 aminoacids, a group of several bases,
termed a codon,is necessary to specify a single amino
acid. A triplet code, that is, one with 3 bases per codon,is
minimally required since there are 4° = 64 different
triplets of bases whereasthere can be only 4? = 16 dif-
ferent doublets, whichis insufficient to specify all the
aminoacids. Inatriplet code, as many as 44 codons
might not code for amino acids. On the other hand,
many aminoacids could be specified by more than one
codon. Suchacode, ina term borrowed from mathemat-

ics, is said to be degenerate.
Another mystery was, how doesthe polypeptide syn-

thesizing apparatus group DNA’s continuous sequence
of bases into codons. For example, the code might be
overlapping; that is, in the sequence

ABCDEFGHIJ: « -

ABC mightcode for one aminoacid, BCD for a second,
CDEfor a third, etc. Alternatively, the code might be
nonoverlapping so that ABC specifies one aminoacid,
DEFa second, HIJ a third, etc. The code might also
contain internal “punctuation”such as in the nonover-
lappingtriplet code

ABC,DEF,GHI,: : «

in which the commasrepresentparticular bases or base
sequences. A related question is how does the genetic
codespecify the beginningand the endof a polypeptide
chain,

The genetic codeis, in fact, a nonoverlapping, comma-
free, degenerate, triplet code. How this was determined
and howthe genetic code dictionary was elucidated is
the subject of this section.

A. Chemical Mutagenesis

The triplet character of the genetic code, as we shall
see below, wasestablished throughtheuse of chemical

mutagens, substancesthat induce mutations. Wethere-
fore precede our study ofthe genetic code with a discus-
sion of these substances. There are two majorclasses of
mutations:

1. Point mutations, in which one base pair replaces
another. These are subclassified as:

(a) Transitions, in which one purine(or pyrimidine)
is replaced by another.

(b) Transversions, in which a purine is replaced by a
pyrimidine or vice versa.

2. Insertion/deletion mutations, in which one or
more nucleotide pairs are inserted in or deleted from
DNA.

A mutation in any of these three categories maybe re-
versed by a subsequent mutation of the same but not
anothercategory.

Point Mutations Are Generated by Altered Bases
Point mutations can result from the treatmentofan orga-

nism with base analogs or substances that chemically alter
bases. For example, the base analog 5-bromouracil
(SBU)sterically resembles thymine (5-methyluracil) but,
through the influence of its electronegative Br atom,
frequently assumes a tautomeric form that base pairs
with guanine instead of adenine (Fig. 30-1). Conse-
quently, when 5BUis incorporated into DNAin placeof
thymine, as it usually is, it occasionally induces an
A:T—G‘C transition in subsequent rounds of DNA
replication. Occasionally, 5BU is also incorporated into
DNAin place of cytosine, which instead generates a
G:C — A‘T transition.

The adenine analog 2-aminopurine (2AP), normally
base pairs with thymine (Fig. 30-2a) but occasionally
forms an undistorted but singly hydrogen bonded base
pair with cytosine (Fig. 30-2b). Thus 2APalso generates
A:T—G:Cand G:C > A‘T transitions.

In aqueous solutions, nitrous acid (HNO,) oxida-
tively deaminates aromatic primary amines so thatit
converts cytosine to uracil (Fig. 30-3a) and adenine to
the guanine-like hypexanthine (which forms two of
guanine’s three hydrogen bonds with cytosine; Fig.

Br 0 Br O—H:--O Nw

I,” Nn—FoonSA
ne ewN

/  ‘o /

5-Bromouracil (5BU) 5BU Hq
(keto tautomer) (enol tautomer) Guanine

Figure 30-1
The keto form of 5-bromouracil (/eft) is its most common
tautomer. However,it frequently assumes the enol form
(right), which base pairs with guanine.
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N-H-0O  \
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H

2AP Cytosine

Figure 30-2
The adenine analog 2-aminopurine normally base pairs with
(a) thymine but occasionally also does so with (b) cytosine.

30-3b). Hence, treatment of DNA with nitrousacid, or
compoundssuch as nitrosamines

R,.
N-N=O

R,/
Nitrosoamines

that react to form nitrous acid, results in both A:T >
G.-C and G:C > A‘T transitions.

Nitrite, the conjugate base of nitrous acid, has long
been used as a preservative of prepared meats such
as frankfurters. However, the observation that many
mutagensare also carcinogens (Section 31-5E) sug-
gests that the consumption of nitrite-containing
meat is harmful to humans. Proponents of nitrite
preservation nevertheless argue that to stop it would
result in far more fatalities. This is because lack of

such treatment would greatly increase the incidence
of botulism, an often fatal form of food poisoning
caused by the ingestion of protein neurotoxins se-
creted by the anaerobic bacterium Clostridium botu-
linum (Section 34-4C).

Hydroxylamine (NH,OH) also induces G:C > A:T
transitions by specifically reacting with cytosine to con-
vert it to a compoundthatbase pairs with adenine(Fig.
30-4). The use of alkylating agents such as dimethyl
sulfate, nitrogen mustard, and ethylnitrosourea

- oO

7 CHg— CH,— Cl | / CHy— CHg
H,C—N NH,— C—N

CH,~ CH,— CI \nN=o0

Nitrogen mustard Ethylnitrosourea
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(a) H H

\ / -
N-—-H O- HN SHNO

// \ N ata // N—H--x \ XN‘od ‘ \=n
/ *o fo

Cytosine Dracil Adenine

(b} H H
\ /

c N—H co povBONHNO.

Ny SMMe’ N
N=’ na’ \— N

0 \

Adenine Hypoxanthine Cytosine

Figure 30-3
Reaction with nitrous acid converts (a) cytosineto uracil
which basepairs with adenine; and (b) adenine to
hypoxanthine, a guanine derivative (it lacks guanine’s
2-amino group) which basepairs with cytosine.

H H—O H
\ \ /

N—H NooHN ws
NH2,0H

‘ed vk \=N
/ *o So

Cytosine Adenine

Figure 30-4
Reaction with hydroxylamine converts cytosine to a
derivative which base pairs with adenine.

often generates transversions. The alkylation of the N(7)
position of a purine nucleotide causes its subsequent
depurinationin a reaction similar to that diagrammedin
Fig. 28-52a. The resulting gap in the sequenceisfilled in
by an error-prone enzymatic repair system (Section
31-5B). Transversions arise when the missing purineis
replaced by a pyrimidine. The enzymatic repair of DNA
that has been damaged by UVradiation mayalso gener-
ate transversions.

Insertion/Deletion Mutations Are Generated by.
Intercalating Agents

Insertion/deletion mutations may arise from the treat-
ment of DNA with intercalating agents such as acridine
orange or proflavin (Section 28-4C), The distance between
two consecutive base pairs is doubled by the intercala-
tion of such a molecule between them.Thereplication
of such a distorted DNA occasionally results in the in-
sertion or deletion of one or more nucleotides in the
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newly synthesized polynucleotide. (Insertions and de-
letions of large DNA segments generally arise from
aberrant cross-over events; Section 33-2C.)

B. Codons Are Triplets

In 1961, Francis Crick and Sydney Brenner, through
genetic invesitgations into the previously unknown
character of proflavin-induced mutations, determined
the triplet character of the genetic code. In bacterio-
phage T4, a particular proflavin-induced mutation, des-
ignated FCO, maps in the rIIB cistron (Section 27-1E).
The growth of this mutant phage on a permissive host
(E. coli B) resulted in the occasional spontaneousappear-
ance of phenotypically wild-type phages as was demon-
strated by their ability to grow onarestrictive host[E.
coli K12(A); recall that rlIB mutants form characteristi-
cally large plaques on E. coli B but cannotlyse E. coli
K12(A)]. Yet, these doubly mutated phages are not geno-
typically wild-type; the simultaneousinfectionofa per-
missive host by one of them and true wild-type phage
yielded recombinant progeny that have either the FCO
mutation or a new mutation designated FC1. Thus the
phenotypically wild-type phage is a double mutantthat
actually contains both FCO and FC1. These two genes are
therefore suppressors of one another; that is, they cancel
each other's mutant properties. Furthermore, since they
map togetherin the rlJB cistron, they are mutualintra-
genic suppressors (suppressors in the samegene).

The treatment of FC1 in a manneridentical to that

described for FCO provided similar results: the appear-
ance of a new mutant, FC2, that is an intragenic sup-
pressor of FC1. By proceedingin this iterative manner,
Crick and Brenner collected a series of different rIIB

mutants, FC3, FC4, FC5, etc, in which each mutant

FC(n) is an intragenic suppressor of its predecessor,
FC(n — 1). Recombination studies showed, moreover,
that odd numbered mutations are intragenic suppres-
sors of even numbered mutations but neither pairs of
different odd numbered mutationsnorpairsof different
even numbered mutations suppress each other. How-
ever, recombinants containing three odd-numbered
mutations or three even-numbered mutationsall are

phenotypically wild-type.
Crick and Brenner accounted for these observations

by the following set of assumptions:

1. The proflavin-induced mutation FCOis either an in-
sertion or a deletion of one nucleotide pair from the
rlIB cistron.If itis a deletion then FC1is an insertion,
FC2 is a deletion, etc., and vice versa.

2. The code is read in a sequential mannerstarting from a
fixed point in the gene. Theinsertion or deletion of a
nucleotide shifts the frame (grouping) in which suc-
ceeding nucleotides are read as codons(insertions or
deletions of nucleotides are therefore also known as

frameshift mutations). Thus the code hasnointer-
nal punctuation that indicates the reading frame; that
is, the code is comma-free.

3. The code is a triplet code.

4, All or nearly all of the 64 triplet codons code for an
amino acid; that is, the code is degenerate.

Theseprinciplesareillustrated by the following anal-
ogy. Consider a sentence (gene) in which the words
(codons) each consist of 3 letters (bases).

THE BIG RED FOX ATE THE EGG

(Here the spaces separating the words have no physical
significance; they are only present to indicate the read-
ing frame.) The deletion of the 4th letter, which shifts
the reading frame, changes the sentence to

THE IGR EDF OXA TET HEE GG

so thatall wordspastthe point of deletion are unintelli-
gible (specify the wrong aminoacids). An insertion of
anyletter, however, say an X in the 9th position,

THE IGR EDX FOX ATE THE EGG

restores the original reading frame. Consequently, only
the words between the two changes (mutations)are al-
tered. As in this example, such a sentence mightstill be
intelligible (the gene couldstill specify a functionalpro-
tein), particularly if the changesare close together. Two
deletions or two insertions, no matter how close to-

gether, would not suppress each otherbutjust shift the
reading frame. However, three insertions, say X, Y, and
Zin the 5th, 8th, and 12th positions, respectively, would
change the sentence to

THE BXI GYR #DZ FOX ATE THE EGG

which, after the third insertion, restores the original
reading frame. The same would be true of three dele-
tions. As before,if all three changes were close together,
the sentence mightstill retain its meaning.

Crick and Brenner did not unambiguously demon-
strate that the genetic codeis a triplet code because they
had no proofthat their insertions and deletions involved
only single nucleotides. Strictly speaking, they showed
that a codon consists of 3r nucleotides wherer is the

number of nucleotides in an insertion or deletion. Al-

though it was generally assumedat the time that r = 1,
proofof this assertion had to awaitthe elucidation of the
genetic code (Section 30-1D).

C. Genes Are Colinear with Their

Specified Polypeptides

In the early 1960s, Charles Yanofsky demonstrated
the colinearity of genes and polypeptides. He did so by
isolating a number of mutants of the 268-residue a
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Figure 30-5
The colinearity of the E. coli trpA gene with the polypeptide
it specifies, the tryptophan synthase a chain. The gene
mutation positions, as determined by transductional

chain of E. coli tryptophan synthase (specified by the
trpA gene; Section 29-3E). The genetic map of these
mutants was elucidated by transductional mapping
(Section 27-1E) and the amino acid changes to which
they give rise were established by fingerprinting (Sec-
tion 6-1J). The order of the mutants in the gene is the
same as the order of the corresponding amino acid
changesin the protein (Fig. 30-5). TheE. coli trpA geneis
therefore colinear with the polypeptideit specifies.

D. Deciphering the Genetic Code

In order to understand how the genetic code diction-
ary waselucidated we mustfirst preview how proteins
are synthesized. The mRNAscannotdirectly recognize
amino acids. Rather, they specifically bind molecules of
tRNA that each carry a corresponding amino acid (Fig.
30-6). Each tRNA contains a trinucleotide sequence,its
anticodon, which is complementary to an mRNA codon
specifying the tRNA’s amino acid. An aminoacid is
covalently linkedto its corresponding tRNAthroughthe
action of a specific enzymethat recognizes bothof these
molecules(a processcalled “charging” the tRNA). Dur-
ing translation, the mRNApasses throughthe ribosome
such that each codon, in turn, bindsits corresponding
charged tRNA (Fig. 30-7). As this occurs, the ribosome
transfers the tRNA’s appended aminoacidto the end of
the growing polypeptide chain.

UUUSpecifies Phe
The genetic codecould,in principle, be determined by

simply comparing the base sequence of an mRNA with
the aminoacid sequence of the polypeptideit specifies.
In the 1960s, however, techniquesfor isolating and se-
quencing mRNAshadnotyet been developed. The elu-
cidation of the genetic code dictionary therefore proved
to be a difficult task.
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Positions of
—| mutations
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{ { { | { { { | residues ty:
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Glu Asp residues

mapping, have the same order as the corresponding amino
acid changesin the polypeptide as determined by
fingerprinting.

{l KE

+

= Amino acid
R=—CSH residue

| (etec=0

   
Anticodon

Figure 30-6
Transfer RNAin its ‘‘cloverleaf’’ form showingits covalently
linked amino acid residue (top) and its anticodon (bottom; a —=s Ill
trinucleotide segment that base pairs with the
complementary mRNAcodonduring translation).

 
The major breakthrough in deciphering the genetic |code came in 1961 when Marshall Nirenberg and

Heinrich Matthaei established that UUU is the codon

specifying Phe. They did so by demonstrating that the |
addition of poly(U)to a cell-free protein synthesizing |
system stimulates only the synthesis of poly(Phe). The |



110

 

898 Section 30-1. The Genetic Code

Growing polypeptide

5'| |

Messenger RNA  

Figure 30-7
A schematic diagram of the processes of
translation (ribosomal synthesis of a
polypeptide from an mRNAtemplate).

cell-free protein synthesizing system was prepared by
gently breaking open E. coli cells by grinding them with
powdered alumina and centrifuging the resulting cell
sap to removethe cell walls and membranes. This ex-
tract contained DNA, mRNA,ribosomes, enzymes, and
other cell constituents necessary for protein synthesis.
Whenfortified with ATP, GTP, and amino acids, the

system synthesized small amounts of proteins. This was
demonstrated by the incubation of the system with *C-
labeled aminoacids followed by the precipitation ofits
proteins by the addition oftrichloroacetic acid. The pre-
cipitate proved to be radioactive.

A cell-free protein synthesizing system, of course,
produces proteins specified by the cell’s DNA. Upon
addition of DNase, however, protein synthesis stops
within a few minutes because the system can no longer
synthesize mRNA while that originally present is rap-
idly degraded. Nirenberg found that crude mRNA-con-
taining fractions from other organisms were highly ac-
tive in stimulating protein synthesis in a DNase-treated
protein synthesizing system. This system, is likewise
responsive to synthetic mRNAs.

The synthetic mRNAsthat Nirenberg used in subse-
quent experiments were synthesized by the Azoto-
bacter vinelandii enzyme polynucleotide phosphoryl-
ase. This enzyme, which was discovered by Severo
Ochoa and Marianne Grunberg-Manago,links together
nucleotides in the reaction

(RNA), + NDP == (RNA), 41 + P;

where NDPrepresents a ribonucleoside diphosphate. In
contrast to RNA polymerase, however, polynucleotide
phosphorylase does not utilize a template. Rather, it
randomly links together the available NDPsso that the
base composition of the product RNAreflects that of the
reactant NDP mixture.

Nirenberg and Matthaei demonstrated that poly(U)

 
NH?
/

 
 

Amino acid
residue

Transfer
RNA

direction of ribosome
movement on MRNA

stimulates the synthesis of poly(Phe) by incubating
poly(U) and a mixture of 1 radioactive and 19 unlabeled
amino acids in a DNase treated protein synthesizing
system. Significant radioactivity appeared in the protein
precipitate only when phenylalanine was labeled. UUU
must therefore be the codon specifying Phe. In similar ex-
periments using poly(A) and poly(C), it was found that
poly(Lys) and poly(Pro), respectively, were synthesized.
Thus AAAspecifies Lys and CCC specifies Pro. [Poly(G)
cannot function as a synthetic mRNA because, even
under denaturing conditions, it aggregates to form what
is thought to be a four-stranded helix. AmRNA must be
single stranded to direct its transcription; Section
30-2D.]

Nirenberg and Ochoa independently employed ri-
bonucleotide copolymers to further elucidate the ge-
netic code. For example, in a poly(UG) composed of
76% U and 24% G,the probability of a given triplet
being UUUis 0.76 X 0.76 X 0.76 = 0.44. Likewise, the
probability of a triplet consisting of 2U’s and 1G;thatis,
UUG, UGU,or GUUis 0.76 X 0.76 X 0.24 = 0.14. The

use of the poly(UG) as a mRNAtherefore indicated the
base compositions, but not the sequences of the codons
specifying several amino acids (Table 30-1). Through
the use of copolymers containing 2, 3, and 4 bases, the
base compositions of codons specifying each of the 20
aminoacids were inferred. Moreover, these experiments
demonstrated that the genetic code is degenerate since, for
example, poly(UA), poly(UC), and poly(UG)all direct the
incorporation of Leu into a polypeptide.

The Genetic Code Was Elucidated through Triplet
Binding Assays and the Use of Polyribonucleotides
with Kriown Sequences

In the absence of GTP, whichis necessary for protein
synthesis, trinucleotides but not dinucleotides are al-
mostas effective as mRNAsin promoting the ribosomal
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Table 30-1

Amino Acid Incorporation Stimulated by a Random
Copolymerof U and G in Mole Ratio 0.76:0.24 

Probability Relative Amount
of Relative Amino of Amino Acid

Codon Occurrence Incidence* Acid Incorporated

UUU 0.44 100 Phe 100

UUG 0.14 32 Leu 36

UGU 0.14 32 Cys 35
GUU 0.14 32 Val 37

UGG 0.04 9 Trp 14
GUG 0.04 9

GGU 0.04 9 Gly 12

GGG 0.01 2 

* Relative incidence is defined here as 100 X probability of occur-
rence/0,44.
Source: Matthaei, J. H., Jones, O. W., Martin, R. G., and Nirenberg,
M., Proc. Natl. Acad. Sci. 48, 666 (1962).

binding of specific tRNAs. This phenomenon, which
Nirenberg and Philip Leder discovered in 1964, permit-
ted the various codonsto be identified by a simple bind-
ing assay. Ribosomes, together with their bound tRNAs,
are retained by a nitrocellulosefilter. but free tRNA is
not. The bound tRNAwasidentified by using charged
tRNA mixtures in which only oneof the pendent amino
acid residues wasradioactively labeled. For instance,it
was found, as expected, that UUU stimulates the ribo-
somalbinding of only Phe tRNA.Likewise, UUG, UGU,
and GUUstimulate the binding of Leu, Cys, and Val
tRNAs,respectively. Hence UUG, UGU,and GUU must
be codonsthat specify Leu, Cys, and Val, respectively.
In this way, the amino acids specified by some 50
codons wereidentified. For the remaining codons, the
binding assay waseither negative (no tRNA bound) or
ambiguous.

The genetic code dictionary was completed and pre-
vious results confirmed through H. Gobind Khorana’s
synthesis of polyribonucleotides with specified repeat-
ing sequences. In a cell-free protein synthesizing sys-
tem, UCUCUCUC:: -, for example, is read

ucU cuUc UCU cUC UCU C...

so thatit specifies a polypeptide chain of twoalternating
amino acid residues. In fact, it was observed that this

mRNAstimulated the production of

Ser — Leu— Ser — Leu— Ser— Leu— ***

which indicates that either UCU or CUCspecifies Ser
and the other specifies Leu. This information, together
with the tRNA-binding data, permitted the conclusion
that UCU codes for Ser and CUC codesfor Leu. These

data also proved that codonsconsist of an odd number
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Figure 30-8
An mRNAmight be read in any of three reading frames,
each of whichyields a different polypeptide.

of nucleotides therebyrelieving any residual suspicions
that codonsconsistof six rather than three nucleotides.

Alternating sequences of three nucleotides, such as
poly(UAC), specify three different homopolypeptides
because ribosomes mayinitiate polypeptide synthesis
on these synthetic mRNAsin any of the three possible
reading frames(Fig. 30-8). Analyses of the polypeptides
specified by various alternating sequences of two and
three nucleotides confirmed the identity of many
codons andfilled out missing portions of the genetic
code.

mRNAsAre Read in the 5’ — 3’ Direction

The use of repeating tetranucleotides indicated the
reading direction of the code andidentified the chain
termination codons. Poly(UAUC)specifies, as expected,
a polypeptide with a tetrapeptide repeat:

° UAU CUA UCU AUC UAU CUA: ?

Tyr — Leu — Ser — Ile — Tyr — Leu— ---

The aminoacid sequence of this polypeptide indicates
that the mRNA’s 5’ end corresponds to the polypep-
tide’s N-terminus;thatis, the mRNAis read in the 5’ — 3’
direction.

UAG, UAA, and UGAAre Stop Codons
In contrast to the above results, poly(AUAG)yields

only dipeptides andtripeptides. This is because WAG is a
signal to the ribosome to terminate protein synthesis:

AUA GAU AGA UAG AUA GAU>:

lle — Asp— Arg Stop TIle— Asp— °>

Likewise, poly(GUAA)yields dipeptides andtripeptides
because UAAis also a chain termination signal:

GUA AGU AAG UAA GUA AGU:

Val — Ser — Lys Stop Val — Ser — +
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UGAisathird stop signal. These stop codons, whose
existence wasfirst inferred from genetic experiments,
are known, somewhat inappropriately, as nonsense
codons because they are the only codons that do not
specify amino acids. VAG, UAA, and UGAare often
referred to as amber, ochre, and opal codons. [They

_ were so namedasthe result of a laboratory joke: The
German word for amber is Bernstein, the name of an

individual who helped discover amber mutations (mu-
tations that change some other codon to UAG), ochre
and opal are puns on amber]

AUG and GUGAre Chain Initiation Codons

The codons AUG,andless frequently GUG,form part
of the chain initiation sequence (Section 30-3C). How-
ever, they also specify the amino acid residues Met and
Val, respectively, at internal positions of polypeptide
chains. (Nirenberg and Matthaei’s discovery that UUU
specifies Phe was only possible because ribosomesin-
discriminately initiate polypeptide synthesis on a
mRNAwhenthe Mg?* concentration is unphysiologi-
cally high as it was, serendipitously, in their experi-
ments.)

E. The Nature of the Code

The genetic code dictionary, as elucidated by the
above methods,is presented in Table 30-2. Examination
of this table indicates that the genetic code has several
remarkable features:

1. The code is highly degenerate. Three aminoacids, Arg,
Leu, and Ser are each specified by six codons, and
mostof the rest are specified by either four, three, or
two codons. Only Met and Trp are represented by a
single codon. Codonsthat specify the same amino
acid are termed synonyms.

2. The arrangementof the code table is nonrandom. Most
synonymsoccupythe same boxin Table 30-2; thatis,
they differ only in their third nucleotide. The only
exceptions are Arg, Leu, and Ser which, having six
codonseach, must occupy more than one box. XYU
and XYC always specify the same amino acid; XYA
and XYG do so in all but two cases. Moreover,

changesin the first codon position tend to specify
similar (if not the same) aminoacids, whereas codons
with secondposition pyrimidines encode mostly hy-
drophobic aminoacids, and those with second posi-
tion purines encode mostly polar amino acids. Ap-
parently the code evolved so as to minimize the
deleterious effects of mutations.

Manyof the mutations causing amino acid substitu-
tions in a protein can be rationalized, according to the
genetic code, as a single point mutation. For instance,all
but one of the aminoacid substitutions indicated in Fig.
30-5 for the a chain of tryptophan synthaseresult from

 

 
Table 30-2

The “Standard” Genetic Code

First Third

position Second position position
(5' end) (3' end)
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A

G
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c c
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G

U
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: A
G

U

G c
( A

[ries viaea g
@ AUG formspart of theinitiation signal as well as coding for
internal Metresidues.

single base changes.As a consequenceof the genetic code’s
degeneracy, however, many point mutations at a third
codon position are phenotypically silent; that is, the mu-
tated codonspecifies the same aminoacid as the wild-type.
Degeneracy may accountfor as much as 33%of the 25
to 75% range in the G + C content among the DNAsof
different organisms (Section 28-1). The frequent occur-
rence of Arg, Ala, Gly, and Proalso tendsto give a high
G + C content, whereasAsn,Ile, Lys, Met, Phe, and Tyr
contribute to a low G + C content.

Some Phage DNA Segments Contain Overlapping
Genesin Different Reading Frames

Since any nucleotide sequence may havethree read-
ing frames, it is possible, at least in principle, for a poly-
nucleotide to encode twoor even three different poly-
peptides. This idea was never seriously entertained,
however, because it seemedthatthe constraints on even
two overlapping genes in different reading frames
would betoo great for them to evolveso that both could
specify sensible proteins. It therefore came as a great
surprise, in 1976, when Frederick Sanger reported that
the DNA of bacteriophage 6X174 contains two genes
that are completely contained within larger genes of
different reading frames (Fig. 30-9). Moreover, the end
of the overlapping D and E genescontains the control
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Figure 30-9
The genetic map of bacteriophage @X174 as determined by
DNAsequenceanalysis. Genes are labeled A,B,C,etc.
Notethat geneBis wholly contained within gene A and gene
E is wholly contained within gene D. Thesepairs of genes
are readin different reading frames and therefore specify
unrelated proteins. The unlabeled regions correspond to
untranslated control sequences.

sequencefor the ribosomalinitiation of the J gene so that
this short DNA segmentperformstriple duty. Bacteria
also exhibit such coding economy;the ribosomalinitia-
tion sequence of one gene in a polycistronic mRNA
often overlaps the endof the preceding gene. Neverthe-
less, completely overlapping genes have only been
found in small single-stranded DNAphages, whichpre-
sumably must make maximaluseofthe little DNA that
they can packinside their capsids.

The “Standard” Genetic Code Is Widespread but
Not Universal

For many years it was thoughtthat the “standard”
genetic code(that given in Table 30-2) is universal. This
assumption was, in part, based on the observations that
onekind of organism (e.g., E. coli), can accurately trans-
late the genes from quite different organisms, (e.g.,
humans). This phenomenonis, in fact, the basis of ge-
netic engineering. Once the “standard” genetic code
had been established, presumably during the time of
prebiotic evolution (Section 1-4B), any mutation that
would alter the way the code is translated wouldresult
in numerous, mostly deleterious, protein sequence
changes. Undoubtedlythereis strong selection against
such mutations. DNA sequencing studies in 1981 never-
theless revealed that the genetic codes ofcertain mitochon-
dria (mitochondria contain their own genes and protein
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Table 30-3

Mitochondrial Deviations from the “Standard” Genetic
Code  

Mitochondrion UGA AUA CUN* AGA CGG

Mammalian Trp Met? Stop
Baker's yeast Trp Met’=Thr 2
Neurospora crassa Trp ?
Drosophila Trp Met? Ser‘
Protozoan Trp

Plant Trp

“Standard” code Stop Ile Leu Arg Arg 

“ N represents any of the four nucleotides.
Also acts as partof an initiation signal.

* AGA only; no AGG codonsoccurin Drosophila mitochondrial
DNA.

Source: Breitenberger, C. A. and RajBhandary, U.L., Trends
Biochem.Sci. 10, 481 (1985).

synthesizing systems that produce 10 to 20 mitochondrial
proteins) are variants of the “standard”genetic code (Table
30-3). For example, in mammalian mitochondria, AUA,
as well as the standard AUG,is a Metinitiation codon,
UGAspecifies Trp rather than “Stop,” and AGA and
AGGare “Stop” rather than Arg. Note that all mito-
chondrial genetic codes except those of plants simplify
the “standard” code byincreasing its degeneracy. For
example, in the mammalian mitochondrial code, each
aminoacidis specified by at least two codonsthat differ
only in their third nucleotide. Apparently the con-
straints preventing alterations of the genetic code are
eased by the small sizes of mitochondrial genomes.
More recent studies, however, have revealed that in

ciliated protozoa, the codons UAA and UAGspecify
Gln rather than “Stop.” Perhaps UAA and UAG were
sufficiently rare codons in a primordialciliate (which
molecular phylogenetic studies indicate branched off
very early in eukaryotic evolution) to permit the code
changewithout unacceptabledeleteriouseffects. At any
rate, the “standard” genetic code, although very widely
utilized, is not universal.

2. TRANSFER RNA

Theestablishmentof the genetic function of DNA led
to the realization that cells somehow “translate” the

language of base sequencesinto the languageof poly-
peptides. Yet, nucleic acids do not specifically bind
amino acids. In 1955, Francis Crick, in what became
known as the adaptor hypothesis, hypothesized that
translation occurs through the mediation of “adaptor”
molecules. Each adaptor waspostulated to carry a spe-
cific enzymatically appended aminoacid andto recog-
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Figure 30-10
The adaptor hypothesis postulates that the genetic codeis
read by molecules that recognize a particular codon and
carry the corresponding amino acid.

nize the corresponding codon (Fig. 30-10). Crick sug-
gested that these adaptors contain RNA because codon
recognition could then occur by complementary base
pairing. At aboutthis time, Paul Zamecnik and Mahlon
Hoagland discovered that in the course of protein syn-
thesis, 1*C-labeled amino acids became transiently
boundto a low molecular massfraction of RNA.Further

investigations indicated that these RNAs, whichatfirst
were called “soluble RNA” or “sRNA” but are now

known as transfer RNA (tRNA), are, in fact, Crick’s
putative adaptor molecules.

A. PRIMARY AND SECONDARY

STRUCTURES 

In 1965, after a seven year effort, Robert Holley re-
ported thefirst known base sequenceofa biologically
significant nucleic acid, that of yeast alanine tRNA
(tRNA4®; Fig. 30-11). To do so Holley had to overcome
several major obstacles:

1. All organisms contain many species of tRNAs (at
least one for each of the 20 amino acids) which, be-
causeof their nearly identical properties (see below),
are not easily separated. Preparative techniques had
to be developed to provide the gram or so of pure
yeast tRNA4" Holley requiredfor its sequence deter-
mination.

2. Holley had to invent the methods that wereinitially
used to sequence RNA (Section 28-6).

3. Tenof the 76 bases of yeast tRNA“" are modified (see
below). Their structural formulas had to be eluci-
dated although they were never available in more
than milligram quantities.

Since 1965, the techniques for tRNA purification and
sequencing havevastly improved. A tRNA may now be
sequencedin a few days time with only ~ 1 yg of mate-
rial. Presently, the base sequences of ~ 300 tRNAsfrom
a greatvariety of organisms are known (manyfrom their
corresponding DNA sequences). They vary in length

 
from 60 to 95 nucleotides (18-28 kD) although most
have ~ 76 nucleotides.

Almostall known tRNAs,as Holley first recognized,
may be schematically arranged in the so-called clover-
leaf secondary structure (Fig. 30-12). Starting from the
5’ end, they have the following commonfeatures:

1. A 5’ terminal phosphate group.

2. A7 bp stem thatincludes the 5’-terminal nucleotide
and which may contain non-Watson-Crick base
pairs such as G-U. This assembly is knownasthe
acceptor or aminoacid stem because the aminoacid
residuecarried by the tRNAis appendedtoits 3’-ter-
minal OH group (Section 30-2C).

3. A 3 or 4 bp stem ending in a loop that frequently
contains the modified base dihydrouridine (D; see
below). This stem andloop are thereforecollectively
termed the D arm.

4. A 5 bp stem endingin a loop that contains the anti-
codon,thetriplet of bases that is complementary to
the codon specifying the tRNA. These features are
knownas the anticodon arm.

3!

A - OH
Cc .

i Aminoacid
Cc attachmentsite|
AI

 
aK1
C—G

1 |

a
C—G

Anticodon

Figure 30-11 G

The base sequence of yeast tRNA“* drawnin the cloverleaf
form. The symbols for the modified nucleosides(color), are
explained in Fig. 30-13.
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Figure 30-12
The cloverleaf secondary structure of tRNA.Filled circles
connected by dots represent Watson-—Crick base pairs and
opencircles in the double helical regions indicate bases
involved in non-Watson-—Crick base pairing. Invariant
positions are indicated: R and Y represent invariant purines
and pyrimidines, respectively, w signifies pseudouracil. The
starred nucleosides are often modified. The dashed regions
in the D and variable arms contain different numbers of
nucleotides in the various tRNAs.

5. A5 bp stem ending in a loop that usually contains the
sequence TyC (where y is the symbolfor pseudouri-
dine; see below). This assemblyis called the TyC or
T arm.

6. All tRNAsterminate in the sequence CCA withafree
3’-OH group. The —CCA maybe genetically speci-
fied or enzymatically appended to immature tRNA
(Section 29-4C).

7. There are 13 invariant positions (always have the
same base) and 8 semiinvariant positions (only a
purine or only a pyrimidine) that occur mostly in the
loop regions. These regions also contain correlated
invariants; that is, pairs of nonstem nucleotides that
are basepairedin all tRNAs. The purine on the 3’ side
of the anticodon is invariably modified. The struc-
tural significance of these features is examined in
Section 30-2B.

Thesite of greatest variability among the known tRNAs
occurs in the so-called variable arm.It has from 3 to 21

nucleotides and may have a stem consisting of up to

Chapter 30. Translation 903

7 bp. The D loopalso varies in length from 5 to 7 nu-
cleotides.

tRNAs Have Numerous Modified Bases

One of the moststriking characteristics of tRNAsis
their large proportion, up to 20%,of post-translationally
modified or hypermodified bases. A few of the >50
such bases, together with their standard abbreviations,
are indicated in Fig. 30-13. Hypermodified nucleosides,
such as i®A, are usually adjacent to the anticodon’s 3’
nucleotide whenit is A or U.Their low polarities proba-
bly strengthen the otherwise relatively weak pairing as-
sociations of these bases with the codon thereby in-
creasing translational fidelity. Conversely, certain
methylations block base pairing and hence preventin-
appropriate structures from forming. Yet, neither of
these modifications are essential for maintaining a
tRNA’sstructural integrity (see below), for its proper
bindingto the ribosome, nor, with one known exception
(Section 30-2C), for binding the enzymethat attaches
the correct amino acid. The functions of most modified

bases therefore remain unknownalthough mutant bac-
teria unable to form certain modified bases compete
poorly against the corresponding normalbacteria.

B. Tertiary Structure

Theearliest physicochemical investigations of tRNA
indicated that it has a well-defined conformation. Yet,
despite numerous hydrodynamic, spectroscopic, and
chemical cross-linking studies, its three-dimensional
structure remained an enigmauntil 1974. In that year,
the 2.5-A resolution X-ray crystal structure of yeast
tRNA?wasseparately elucidated by AlexanderRich in
collaboration with Sung Hou Kim and, in a different
crystal form, by Aaron Klug. The molecule assumes an
L-shaped conformation in which one leg of the L is formed
by the acceptor and T stems folded into a continuous
A-RNA-like doublehelix (Section 28-2B) and the otherleg is
similarly composed of the D and anticodon stems (Fig.
30-14). Each leg of the L is ~ 60 A long andthe antico-
don and aminoacid acceptorsites are at opposite ends
of the molecule, some 76-A apart. The narrow 20 to
25-A width of native tRNAis essentialto its biological
function: During protein synthesis, two RNA molecules
must simultaneously bind in close proximity at adjacent
codons on mRNA (Section 30-3D).

tRNA’s Complex Tertiary Structure Is Maintained
by Hydrogen Bonding and Stacking Interactions

Thestructural complexity of yeast tRNAF®*is reminis-
cent of that of a protein. Although only 42 ofits 76 bases
occur in double helical stems, 71 of them participate in
stacking associations (Fig. 30-15). The structure also con-
tains 9 base pairing interactions that. cross-link its ter-
tiary structure (Figs. 30-14@ and 30-15). Remarkably,all
but oneof these tertiary interactions, which appearto be
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N&-Isopentenyladenosine (i6A)
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Ribose

N2,N2-Dimethylguanosine (m2G)

Inosine (I

H3;¢—or
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I
R= CH,CH,CH(COCH3), Y

A selection of the modified nucleosides that occur in tRNAs
together with their standard abbreviations. Note that
although inosine chemically resembles guanosine,it is

biochemically derived from adenosine. Nucleosides may also
be methylatedat their ribose 2’ positions to form residues
symbolized, for instance, by Cm, Gm, and Um.
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Figure 30-14
The structure of yeast tRNAPt, (a) The base sequence
drawnin cloverleaf form. Base pairing interactions are
represented bythin red lines connecting the participating
bases. Bases that are conserved or semiconservedin all

tRNAsarecircled by solid and dashedlines, respectively.
The 5‘ terminus is colored bright green, the acceptor stem is
yellow, the D arm is white, the anticodon armislight green,

the mainstays of the molecular structure, are non-
Watson—Crick associations. Moreover, most of the
bases involvedin theseinteractions are either invariant

or semiinvariant, which strongly suggests that all tRNAs
have similar conformations(see below). The structureis
also stabilized by several unusual hydrogen bondsbe-
tweenbases and either phosphate groupsor the 2’-OH
groupsofribose residues.

The compactstructure of yeast tRNA?®results from
its large numberof intramolecular associations, which
renders mostof its bases inaccessible to solvent. The

most notable exceptions to this are the anticodon bases
and those of the amino acid-bearing —CCAterminus.
Nodoubtboth of these groupings mustbe accessible in
orderto carry out their biological functions.

The observation that the molecular structuresofyeast
tRNA??? in two different crystal forms are essentially
identical lends muchcredence to the suppositionthatits
crystal structure closely resemblesits solution structure.
Transfer RNAsother than yeast tRNA? have, unfortu-
nately, been notoriously difficult to crystallize. The
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(b)

 
the variable arm is orange, the TyC armislight blue, and
the 3’ terminusis red. (b) The X-ray structure drawn to show
howits base paired stems are arranged form the L-shaped
molecule. The sugar— phosphate backboneis represented by
a ribbon with the same color schemeasthatin Part a.
[Courtesy of Michael Carson, University of Alabama at
Birmingham.]

crystal structures of only three other native species of
tRNA,all at resolutions of 3.0 A or greater, have thus far
been reported. The molecularstructures of these tRNAs
closely resemble that of yeast tRNA?**. The majorstruc-
tural differences among them result from an apparent
flexibility in the anticodon loop and the —CCAtermi-
nusas well as from a hingelike mobility between the two
legs of the L that gives, for instance, yeast tRNA“ a
boomeranglike shape. Such observationsare in accord
with the expectation that all tRNAsfit into the same
ribosomalcavities.

C. Aminoacyl-tRNA Synthetases:

Accuratetranslation requires two equally importantrec-
ognition steps: (1) the choice of the correct amino acid for
covalent attachment to a tRNA; and (2) the selection of the
amino acid-charged tRNA specified by mRNA.Thefirst of
these steps, which is catalyzed by amino acid-specific
enzymes knownas aminoacyl-tRNAsynthetases, ap-
pends an aminoacid to the 3’-terminalribose residue of
its cognate tRNA to form an aminoacyl-tRNA(Fig.



118

 
 

 
 

  

 
 
 

 
 
 
 
 
 
 

 

906 Section 30-2. Transfer RNA

Thymine 54
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Figure 30-15
Thenine tertiary basepairing interactions in yeast tRNAPr=.
Note that all but one involve non-Watson- Crick pairs and
that they are all located near the corner of the L. [After Kim,

30-16), This otherwise unfavorable processis driven by
the hydrolysis of ATP in two sequential reactions that
are catalyzed by a single enzyme.

1. The aminoacidis first “activated” by reaction with
ATPto form an aminoacyl-adenylate:

H
oO

| 4

R—-C— q + ATP| _
nui °

Aminoacid

H oO

I

R—C—C—O Tt — O— Ribose—Adenine + PP;

O

I

NH? o7

Aminoacyl-adenylate
(Aminoacyl-AMP)

 
 
 

Adenine 44  
Ribose

6

Dimethyiguanine 26

S. H., in Schimmel, P. R., Sdll, D., and Abelson, J. N. (Eds.),
Transfer RNA: Structure, Properties and Recognition, p. 87,
Cold Spring Harbor Laboratory (1979).]

 
O=-O~CHe 6 Adenine

O

O OH

b=0
H- fs R

NH FS
Aminoacyl-tRNA

Figure 30-16
In aminoacyl-tRNAs, the amino acid residue is esterified to
the tRNA’s 3’-terminal nucleoside at eitherits 3’-OH group,
as shownhere,orits 2‘-OH group.
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which, with most aminoacyl-tRNA synthetases in
the absence of tRNA, maybeisolated although it
normally remains tightly bound to the enzyme.

2. This mixed anhydride then reacts with tRNA to form
the aminoacyl-tRNA:

Aminoacyl-AMP + tRNA ==
aminoacyl-tRNA + AMP

Some aminoacyl-tRNA synthetases exclusively append
an aminoacid to the terminal 2’-OH group oftheir cog-
nate tRNAs, others do so at the 3’-OH group, and yet
others do so ateither suchposition. Thisselectivityorits
absence was established with the use of chemically
modified tRNAsthatlack either the 2’- or 3’-OH group
of their 3’-terminalribose residue. The use of these de-

rivatives was necessary because, in solution, the amino-
acyl group rapidly equilibrates between the 2’ and 3’
positions.

Theoverall aminoacylation reaction is

Amino acid + tRNA + ATP ==

aminoacyl-tRNA + AMP + PP,

These reaction steps are readily reversible because the
free energies of hydrolysis of the bonds formed in both
the aminoacyl-adenylate and the aminoacyl-tRNAare
comparable to that of ATP hydrolysis. The overall reac-
tion is driven to completion by the inorganic pyrophos-
phatase-catalyzed hydrolysis of the PP; generated in the
first reaction step. Amino acid activation therefore
chemically resembles fatty acid activation (Section
23-2A); the major difference between these two pro-
cesses, which were both elucidated by Paul Berg,is that
tRNA is the acyl acceptor in amino acid activation,
whereas CoA performsthis function in fatty acid acti-
vation.

Different Aminoacyl-tRNA Synthetases Are No
More Than Distantly Related

Cells must haveat least one aminoacyl-tRNA synthe-
tase for each of the 20 aminoacids. The similarity of the
reactions catalyzed by these enzymesandthe structural
resemblanceofall tRNAs suggests that all aminoacyl-
tRNA synthetases evolved from a commonancestor and
should therefore be structurally related. This is not the
case, however. In fact, the aminoacyl-tRNA synthetases
form a diverse group of enzymes. The over 100 such en-
zymes that have been characterized each have one of
four different types of subunit structures, a, @,, 4, and
Q2f,, with subunit sizes ranging from 334 to >1000
residues. Moreover, although synthetases specific for a
given aminoacid exhibit considerable sequence homol-
ogy from organism to organism,thereis little sequence
similarity among synthetases specific for different
aminoacids. Quite possibly, aminoacyl-tRNA synthe-
tases arose very early in evolution, before the develop-
mentof the modern protein synthesis apparatus other
than tRNAs.

Chapter 30. Translation 907

Tyrosyl-tRNA Synthetase Operates via Transition
State Binding

The X-ray structure of tyrosyl-tRNA synthetase from
Bacillus stearothermophilus, determined by David Blow,
is illustrated in Fig. 30-17. The 419-residue subunit of
this a, dimer contains a region of f sheet reminiscentof
the dinucleotide-binding fold (Section 7-3B), which
forms the tyrosyl adenylate-bindingsite. This region is
remarkably similar in structure to the ATP-binding re-
gion of E. coli methionyl-tRNA synthetase, the only
other aminoacyl-tRNA synthetase of knownstructure.
The C-terminal 99 residues of tyrosyl-tRNA synthetase,
as well as three other short segmentsofits polypeptide
chain, are not visible in the crystal structure and are
therefore presumed to be conformationally disordered.
Eachof these segments has several Lys and Arg residues
that are implicated in the binding of the polyanionic
tRNA molecule. Indeed, the N-terminal 320 residues

alone, as generated via protein engineering, catalyzes
tyrosine adenylate formation with unchanged k,, and
Ky, but neither aminoacylates nor binds tRNA™. Most
nucleic acid-binding proteins of knownstructure, as we
shall see, have conformationally mobile regions that
interact with their corresponding nucleic acid. It has
therefore been suggested that these disordered regions
function to bind their nuclei acid through flexible inter-
actions.

Although the way in which tyrosyl-tRNA synthetase
interacts with tRNAremains obscure, model building
coupled with protein engineering studies have revealed
how this enzyme adenylylates tyrosine. Chemical stud-

 
Figure 30-17
The X-ray structure of residues 1 to 320 of tyrosyl-tRNA
synthetase. The position of the molecular twofold axis of this
dimeric protein is indicated on the lowerleft. [After Blow,
D. M. and Brick,P., in Jurnak, F. A. and McPherson,A.,
Biological Macromolecules and Assembly, Vol 2: Nucleic
Acids and Interactive Proteins, p. 448, Wiley (1985).]

 



120

908 Section 30-2. Transfer RNA

ies have demonstrated that this reaction proceeds via
inversion of configuration at ATP’s a@ phosphorus. This
observation implies that the reaction involves a single
displacementin which the tyrosyl carboxylate group is
the nucleophile and PP; is the leaving group (Fig.
30-184). Model building studies by Alan Fersht and
Greg Winter based on this premise, together with the
X-ray structure of tyrosyl-tRNA synthetase’s tyrosyl
adenylate complex, indicate that the enzyme operates
by preferentially binding the transition state (Section
14-1F): The y phosphate in the reaction’s pentacoordi-
nate transition state, but not its reactants or products,
hydrogen bondsto the enzyme’s Thr40 and His 45 side
chains (Fig. 30-18b). Fersht and Winter confirmed this
conclusion through protein engineering studies in
which they replaced Thr 40 with Ala and/or His 45
(which is evolutionarily conserved in aminoacyl-tRNA
synthetases) with Gly. All of these mutant enzymes
have greatly reducedcatalytic activities (a 3 X 10°-fold
reduction in k,,,in the double mutant) even though they
all bind both tyrosine and ATP with nearly undimin-
ishedaffinities. Note that the interactionsstabilizing the
transition state occur at some distance from the a phos-
phorous reaction site. Moreover, the enzyme has no
catalytically active functional groups, such as general
acids or bases, in the vicinity of the reaction site. Evi-
dently, the inherentreactivities of the nucleophilic tyro-
syl carboxyl group and ATP’s activated PP; leaving
grouparesufficient to drive the reaction ata satisfacto-
rily high rate (an ~ 10°-fold increase over the uncata-
lyzed reaction) with only transition state binding com-
bined with reactant proximity and orientation effects
(Section 14-1E).

The Structural Features Recognized by Aminoacyl-
tRNA Synthetases May Be Quite Simple

Considerable effort has been expendedin elucidating
the manner in which aminoacyl-tRNA synthetases rec-
ognizetheir corresponding tRNAs. The methodsused to
do so includethe useof specific tRNA fragments, muta-
tionally altered tRNAs, and chemical cross-linking
agents. The most common synthetase contact sites on
tRNAoccur on the inner (concave) face of the L. Other
than that, there appears to belittle regularity in how the
various tRNAsrecognize their cognate synthetases.In-
deed, the smaller synthetases appear to recognize only
the acceptor region of their tRNAs, whereas the larger
enzymes contact much of their tRNA’s inner surface.
Thus, the anticodon does not necessarily participate in this
recognition process.

The foregoing suggests that the features of a tRNA
recognized by its cognate aminoacyl-tRNA synthetase
are idiosyncratic. Genetic manipulations by Paul
Schimmel revealed that these features, for at least one

type of tRNA,are surprisingly simple. Numerousse-
quencealterations of E. coli tRNA*" do not appreciably
affect its capacity to be aminoacylated with alanine. Yet,

(a) O O
/ i

Tyr—C i+P _P. UP.

Oo “O70 >0Ot7 ~ oO
Tyrosine r 0

Ado ATP

O
\

O P—O-

y ie \ aon \_
Tyr —C a O
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i

[ }
0 |

Tyr 34>yAsp 176

Figure 30-18
The mechanism of tyrosyl adenylate formation as catalyzed
by tyrosyl-tRNA synthetase.(a) In the reaction’s chemical
mechanism, the tyrosyl carboxylate group nucleophilically
attacks ATP’s a phosphorus(top) in a single displacement
reaction that proceedsvia a trigonal bipyramidaltransition
state (middle) to yield tyrosyl adenylate and PP, (bottom). (b)
Modelbuilding studies based on the X-ray structure of
tyrosyl-tRNA synthetase in complex with tyrosyl adenylate
(a stable complex in the absence of tRNA™) indicate that
the y phosphate of the reacting ATP hydrogen bonds to Thr
40 and His 45 (top) only in the reaction’s transition state.
Tyrosyl adenylate also makes 12 hydrogen bonds with the
enzyme (several of which are indicated here by dashedlines)
that apparently are not significantly disturbed in the
transition state. [After Leatherbarrow,R. J., Fersht, A. R.,
and Winter, G., Proc. Natl. Acad. Sci. 82, 7841 (1985).]
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Figure 30-19
Majoridentity elements in four tRNAs. Each basein the
tRNAis represented bya circle. Redcircles indicate
positions that have been shownto be identity elements for
the recognition of the tRNA by its cognate aminoacyl-tRNA
synthetase. In each case, other identity elements may yet be
discovered. [After Schulman, L. H. and Abelson, J., Science
240, 1592 (1988).]

mostbase substitutions in the G3 - U70 basepairlocated
in the tRNA’s acceptor stem (Fig. 30-192) greatly dimin-
ish this reaction. Moreover, the introduction of a G-U

base pair into the analogous position of tRNA‘ and
tRNA?causes them to be aminoacylated with alanine
even though there are few other sequence similarities
between these mutant tRNAs and tRNA4"(e.g., Fig.
30-20). In fact, E. coli alanyl-tRNA synthetase eveneffi-
ciently aminoacylates a 24-nucleotide ‘‘microhelix” de-
rived from only the G3 -U70-containing acceptor stem
of E. coli tRNA“. Since the only knownE. coli tRNAs
that normally have a G3 -U70basepair are the tRNA4",
and this base pair is also present in the tRNA‘4" from
many organisms including yeast (Fig. 30-11), the fore-
going observations strongly suggest that the G3-U70
base pair is a major feature recognized by alanyl-tRNA
synthetases. These enzymes presumably recognize the
distorted shape of the G-U basepair (Fig. 30-15), an
idea corroborated by the observation that base changes
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at G3-U70, whichleast affect the acceptor identity of
tRNA“*yield basepairs that structurally resemble G- U.

Theelements of three other tRNAs, whichare recog-
nized by their cognate tRNA synthetases, are indicated
in Fig. 30-19. As with tRNA*, these identifiers appear
to comprise only a few bases. Notethat the anticodonis
an identifier in two of these tRNAs. In another example
of an anticodonidentifier, the E. coli tRNA"specific for
the codon AUAhasthe anticodon LAU whereL is lysi-
dine, a modified cytosine whose 2-keto group is re-
placed by the aminoacid lysine (Fig. 30-13). The L in
this context pairs with A rather than G,a uniquecase of
base modification altering base pairing specificity. The
replacementof this L with unmodified C, as expected,
yields a tRNA which recognizes the Met codon AUG
(codons bind anticodons in an antiparallel fashion).
Surprisingly, however, this altered tRNA" is also a
much better substrate for methionyl-tRNA synthetase
thanit is for isoleucyl-tRNA synthetase. Thus, both the
codon and the aminoacid specificity of this tRNA are
changed bya single post-transcriptional modification.

Proofreading Enhancesthe Fidelity of Amino Acid
Attachment to tRNA

The charging of a tRNA withits cognate aminoacid is
a remarkably accurate process. Experimental measure-

 
Figure 30-20
A three-dimensional modelof E. coli tRNA“ based on the

X-ray structure of yeast tRNAPe (Fig. 30-14) in which the
nucleotides that are different in E. coli tRNA°* are

highlighted in blue-white and the G3-U70 basepair is
highlightedin ivory. [Courtesy of Ya-Ming Hou, MIT.]
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ments indicate, for example, that, at equal concentra-
tions of isoleucine andvaline, isoleucyl-tRNA synthe-
tase transfers ~ 50,000 isoleucines to tRNA™for every
valine it so-transfers. Yet, there are insufficient structural
differences between Val andIle to permit such a high degree
of accuracy in the direct generation of aminoacyl-tRNAs.It
seemslikely that isoleucyl-tRNA synthetase hasa bind-
ing site of sufficient size to admit isoleucine but which
would exclude larger amino acids. On the other hand,
valine, which differs from isoleucine by only the lack of
a single methylene group,fits into the isoleucine-bind-
ing site. The binding free energy of a methylene groupis
estimated to be ~ 12 kJ: mol~?. Equation [3.16] indicates
that the ratio f of the equilibrium constants, K, and K,,
with which twosubstancesbindtoagiven bindingsite is
given by

K, eG/RT
f=s=—s —AAG/RT

K,  @ AG2/RT
=e [30.1]

-where AAG = AG, — AG,is the difference between the
free energies of binding of the two substances.It is
therefore estimated that isoleucyl-tRNA synthetase
could discriminate betweenisoleucine and valine by no
more than a factor of ~ 100.

Berg resolved this apparent paradox by demonstrat-
ing that, in the presence of tRNA™,isoleucyl-tRNA syn-
thetase catalyzes the quantitative hydrolysis of valine-
adenylate to valine ++ AMP rather than forming
Val-tRNA". Thus, isoleucyl-tRNA synthetase subjects
aminoacyl-adenylates to a proofreading or editing step
that has been shown to occur at a separate catalytic site.
This site presumably binds Valresidues but excludes the
larger Ile residues. The enzymes’s overall selectivity is
therefore the productof the selectivities of its adenylation
and proofreading steps, thereby accounting for the high
fidelity of translation. Many other synthetases discrimi-
nate against noncognate amino acidsin a similar fash-
ion. However, synthetases that have adequate selectiv-
ity for their corresponding amino acid (e.g.,
tyrosyl-tRNA synthetase discriminates between tyro-
sine and phenylalanine through hydrogen bonding
with the tyrosine-OH group), lack editing functions.
Note that editing occurs at the expense ofATP hydrolysis,
the thermodynamic price of high fidelity (increased order).

D. Codon- Anticodon Interactions

In protein synthesis, the proper tRNA is selected only
through codon-anticodon interactions; the aminoacyl
group does not participate in this process. This phenome-
non was demonstrated as follows. Cys-tRNA, in
which the Cys residue was '*C labeled, was reductively
desulfurized with Raneynickel so as to convert the Cys
residueto Ala:

H O

| ll
HS— CH, —C—C—O—tRNA®S + Ni(—),

|
NH}

Cys-tRNA CS Raneynickel

H O

| sl

Hi CH, — C—C— 0 ~ RNAS + HS + Ni
NH}

Ala-tRNAC®

The resulting “C-labeled hybrid, Ala-tRNA*, was
added to a cell-free protein synthesizing system ex-
tracted from rabbitreticulocytes. The product hemoglo-
bin @ chain's only radioactive tryptic peptide was the
one that normally contains the subunit’s only Cys. No
radioactivity was found in the peptides that normally
contain Ala but no Cys. Evidently, only the anticodons
of aminoacyl-tRNAsare involved in codon recognition.

Genetic Code Degeneracy Is Largely Mediated by
Variable Third Position Codon - Anticodon
Interactions

One mightnaively guess that each of the 61 codons
specifying an amino acid would be read by a different
tRNA. Yet, even though most cells contain several
groupsof isoaccepting tRNAs(different tRNAsthat are
specific for the same aminoacid), many tRNAs bind to
two or three of the codons specifying their cognate amino
acids. For example, yeast tRNA", which has the anti-
codon GmAA,recognizes the codons UUC and UUU
(rememberthat the anticodonpairs with the codon in an
antiparallel fashion),

5!

Anticodon:
 5

A—A—Gm A—A—Gm

5 2 } > 3 5... 8
Codon: —U—-U—-C— —U—U—U—

andyeast tRNA“, which has the anticodon IGC,recog-
nizes the codons GCU, GCC, and GCA.

3' 5 3 5'
Anticodon: —C—-G-I — —C—G—I—-

Bee ow 8 UB we
Codon: —G—C—-U-— —G—-C—-C—

3' 5!
Anticodon: —C—G—I —

53 2 ft . B8
Codon: —G—C—-A—
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It therefore seems that non-Watson - Crick base pairing
can occur at the third codon-anticodon position (the
anticodon’sfirst position is defined asits 3’ nucleotide),
the site of most codon degeneracy (Table 30-2). Note
also that the third (5’) anticodon position commonly
contains a modified base such as Gm orI.

The Wobble Hypothesis Structurally Accounts for
Codon Degeneracy

By combiningstructural insight with logical deduc-
tion, Crick proposed, in what he named the wobble
hypothesis, how a tRNA can recognize several degen-
erate codons. He assumed that the first two codon-

anticodon pairings have normal Watson - Crick geome-
try. The structural constraints that this places on the
third codon-anticodon pairing ensure that its confor-
mation does not drastically differ from that of a
Watson-Crick pair. Crick then proposed that there
could be a small amountofplay or “wobble”in the third
codon position which allows limited conformational
adjustments in its pairing geometry. This permits the
formation of several non-Watson-Crick pairs such as
U-Gand I-A (Fig. 30-214). The allowed “wobble”pair-
ings are indicated in Fig. 30-21b. Then, by analyzing the
knownpattern of codon-anticodon pairing, Crick de-
duced the mostplausible sets of pairing combinationsin
the third codon-anticodon position (Table 30-4). Thus,
an anticodon with C orA inits third position can only
pair with its Watson- Crick complementary codon.If U,
G,or I occupies the third anticodon position, two, two,
or three codonsare recognized, respectively.

Noprokaryotic or eukaryotic cytoplasmic tRNA is known
to participate in a nonwobble pairing combination. There
is, however, no knowninstance of such a tRNA with an

A in its third anticodon position which suggests that the
consequent U-A pair is not permitted. The structural
basis of wobblepairing is poorly understood althoughit
is clear thatit is influenced by base modifications.

A consideration of the various wobble pairings indi-
cates thatat least 31 tRNAsare requiredto translate all
61 coding triplets of the genetic code (there are 32
tRNAs in the minimal set becausetranslational initia-

tion requires a separate tRNA; Section 30-3C). Most

Table 30-4

Allowed Wobble Pairing Combinationsin the Third
Codon - Anticodon Position 

3’-Codon Base

G

U

AorG

Uorc

U,C, or A

5’-Anticodon Base 

=OCFrO
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Figure 30-21
Wobblepairing. (a) U-G and |- A wobblepairs. (b) The
geometry of wobble pairing. The spheres and their attached
bondsrepresent the positions of ribose C(1‘) atoms with
their accompanying glycosidic bonds. X (left) designates the
nucleoside at the 5’ end of the anticodon (tRNA). The
positions on the right are those of the 3’ nucleoside of the
codon (mRNA)in the indicated wobblepairings. [After Crick,
F.H.C., J Mol. Biol. 19, 55 (1966).]

cells have >32 tRNAs, some of which haveidentical

anticodons. Nevertheless,all isoaccepting tRNAsin a cell
are recognized by a single aminoacyl-tRNA synthetase.

Some Mitochondrial tRNAs Have More Permissive

Wobble Pairings Than Other tRNAs
The codon recognition properties of mitochondrial

tRNAs mustreflect the fact that mitochondrial genetic
codesare variants of the “standard”genetic code (Table
30-3). For instance, the human mitochondrial genome,
which consists of only 16,569 bp, encodes 22 tRNAs ~
(together with 2 ribosomal RNAs and 13 proteins).
Fourteen of these tRNAseachread oneof the synony-
mouspairs of codonsindicated in Tables 30-2 and 30-3
(MNX,whereX is either C or U orelse A or G) according
to normal G- U wobblerules: The tRNAshaveeither a G

or a modified U in their third anticodon position that,

 



124

 
Ht

912 Section 30-2. Transfer RNA

respectively, permits them to pair with codons having
X = Cor U orelse X = A or G.The remaining 8 tRNAs,
which, contrary to wobble rules, each recognize1 of the
groups of 4 synonymous codons (MNY,where Y = A,
C, G,or U), all have anticodons with a U in their third
position.Either this U can somehowpair with anyof the
4 bases or these tRNAsread only the first two codon
positions and ignore the third. Thus, not surprisingly,
many mitochondrial tRNAs have unusualstructures in
which, for example, the GTywCRA sequence(Fig. 30-12)
is missing, or, in the most bizarre case, a tRNA®*" lacks
the entire D arm.

Frequently Used Codons Are Complementary to
the Most Abundant tRNA Species

The analysis of the base sequencesof several highly
expressed structural genes of baker’s yeast, Saccharo-
myces cerevisiae, has revealed a remarkablebiasin their
codon usage. Only 25 of the 61 codingtriplets are com-
monly used. The preferred codons are those that are most
nearly complementary, in the Watson -Crick sense, to the
anticodons in the most abundant species in each set of
isoaccepting tRNAs. Furthermore, codonsthatbind anti-
codons with two consecutive G-C pairs or three A°U
pairs are avoided so that the preferred codon-
anticodon complexesall have approximately the same
binding free energies. A similar phenomenon occurs in
E. coli although severalof its 22 preferred codonsdiffer
from those in yeast. The degree with which the pre-
ferred codons occur in a given geneis strongly corre-
lated, in both organisms, with the gene’slevel of expres-
sion. This, it has been proposed, permits the mRNAsof
proteins that are required in high abundanceto be rap-
idly and smoothly translated.

Selenocysteine Is Specified by a tRNA
Although it is widely stated, even in this text, that

proteins are synthesized from the 20 “standard” amino
acids, that is, those specified by the “standard” genetic
code, some organisms, in fact, use a 21st amino acid,
selenocysteine, in synthesizing a few of their proteins.

NH

The selenocysteine
residue

Selenium, a biologically essential trace element, is a
componentof several enzymesin both prokaryotes and
eukaryotes. E. coli contains two selenoproteins, both
formate dehydrogenases, which each contain a seleno-
cysteine residue. The selenocysteine residues are ribo-
somally incorporated into these proteins by a unique
tRNA bearing a UCA anticodon that is specified by a

particular (in the mRNA) UGAcodon (normally the opal
stop codon). How the ribosomal system differentiates
this UGA from normal opal stop codons is unknown
although mRNAcontext effects and the physiological
state of the cell are probably involved. The selenocys-
teinyl-tRNAis synthesized by the aminoacylationofits
tRNA with L-serine by the same aminoacyl-tRNA syn-
thetase that charges tRNA**, followed by the enzymatic
selenylation of the resulting Ser residue.

E. Nonsense Suppression

Nonsense mutations are usually lethal when they
prematurely terminate the synthesis of an essential pro-
tein. An organism with such a mutation may neverthe-
less be “rescued” by a second mutation on another part
of the genome. For many yearsafter their discovery, the
existence of such intergenic suppressors was quite
puzzling. It is now known, however, that they usually
arise from mutations in a tRNA gene that cause the
tRNA to recognize a nonsense codon. Such a nonsense
suppressor tRNA appendsits amino acid (whichis the
same as that carried by the corresponding wild-type
tRNA)to a growing polypeptide in responseto the rec-
ognized stop codon thereby preventing chain termina-
tion. For example, the E. coli amber suppressor knownas
su3 is a tRNA’ whoseanticodon has mutated from the

wild-type GUA (which reads the Tyr codons UAU and
UAC)to CUA (which recognizes the amber stop codon
UAG). An su3* E. coli with an otherwise lethal amber
mutation in a gene codingfor an essential protein would
be viable if the replacementof the wild-type aminoacid
residue by Tyr does notinactivate the protein.

There are several well-characterized examples of
amber (UAG), ochre (UAA), and opal (UGA)suppressors
in E. coli (Table 30-5). Most of them, as expected, have
mutated anticodons. UGA-1 tRNA, however, differs

from the wild-type only by a G > A mutationin its D
stem, which changes a G-U pair to a stronger A- U pair.

Table 30-5

SomeE. coli Nonsense Suppressors 

 
Codon Amino Acid

Name Suppressed Inserted

sul UAG Ser

su2 UAG «Gln

su3 UAG Tyr

sud UAA, UAG Tyr

sud UAA, UAG Lys
sue UAA Leu

su7 UAA Gin

UGA-1 UGA Trp
UGA-2 UGA Trp 

Source: Ké6rner, A. M., Feinstein, S. I., and Altman,S., in
Altman,S. (Ed.), Transfer RNA, p. 109, MIT Press (1978).
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This mutation apparently alters the conformation of the
tRNA’s CCA anticodon so that it can form an unusual

wobble pairing with UGA as well as with its normal
codon, UGG. Nonsense suppressorsalsooccurin yeast.

Suppressor tRNAs Are Mutants of Minor tRNAs
Howdocells tolerate a mutation that both eliminates

a normal tRNA and prevents the termination of poly-
peptide synthesis? They survive because the mutated
tRNAis usually a minor memberofa setof isoaccepting
tRNAs and because nonsense suppressor tRNAs must
compete for stop codons with the protein factors that
mediate the termination of polypeptide synthesis (Sec-
tion 30-E3). Consequently, the rate of suppressor-
mediated synthesis of active proteins with either UAG
or UGA nonsense mutations rarely exceeds 50% of the
wild-type rate whereas mutants with UAA, the most
common termination codon, have suppression efficien-
cies of <5%. Many mRNAs, moreover, have two tan-
dem stop codons so that even if their first stop codon
was suppressed, termination could occurat the second.
Nevertheless, many suppressor-rescued mutants grow
relatively slowly because they cannot make an other-
wise prematurely terminated protein as efficiently as do
wild-typecells.

Other types of suppressor tRNAsare also known.
Missense suppressors act similarly to nonsense sup-
pressors but substitute one aminoacid in place of an-
other. Frameshift suppressors have eight nucleotides
in their anticodon loops rather than the normal seven.
They read a four base codon beyonda base insertion
thereby restoring the wild-type reading frame.

3. RIBOSOMES

Ribosomeswerefirst seen in cellular homogenates by
darkfield microscopyin the late 1930s by Albert Claude

Table 30-6

Componentsof E. coli Ribosomes
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whoreferred to them as “microsomes’’.It was notuntil

the mid-1950s, however, that George Palade observed
them in cells by electron microscopy thereby disposing
of the contention that they are merely artifacts of cell
disruption. The name ribosome derives from the fact
that these particles in E. coli consist of ~} RNA and }
protein. (Microsomesare now defined astheartifactual
vesicles formed by the endoplasmic reticulum uponcell
disruption. They are easily isolated by differential cen-
trifugation andare rich in ribosomes.) The correlation
between the amount of RNAin a cell and the rate at

which it synthesizes protein led to the suspicion that
ribosomesare the site of protein synthesis, This hypoth-
esis was confirmed in 1955 by Paul Zamecnik who dem-
onstrated that '*C-labeled amino acids are transiently
associated with ribosomes before they appear in free
proteins. Further research showedthat ribosomal poly-
peptide synthesis has three distinct phases: (1) chain
initiation, (2) chain elongation, and (3) chain termina-
tion.

In this section we examinethestructure of the ribo-

some, insofaras it is known, and then outline the ribo-

somal mechanism of polypeptide synthesis. In doing so
weshall compare the properties of ribosomes from pro-
karyotes (mostly E. coli) with those of eukaryotes
(mostly rat liver cytoplasm).

A. RibosomeStructure

The E. coli ribosome, which has a particle mass of
~2.5.X 10° D and a sedimentation coefficient of 70S,is
a spheroidalparticle that is ~ 250 A acrossinits largest
dimension.It may be dissociated, as James Watson dis-
covered, into two unequal subunits (Table 30-6). The
small (30S) subunit consists of a 16S rRNA molecule and
21 different polypeptides, whereas the large (50S) sub-
unit contains a 5S and a 235 rRNAtogether with 32

 

 Ribosome Small Subunit

Sedimentation coefficient 70S 30S

Mass(kD) 2520 930

RNA

Major 16S, 1542 nucleotides
Minor

RNAmass (kD) 1664 560

Proportion of mass 66% 60%

Proteins 21 polypeptides
Protein mass (kD) 857 370

Proportion of mass 34% 40% 

Source: Lewin, B., Genes (3rd ed.), p. 145, Wiley (1987).

Large Subunit

50S

1590

235, 2904 nucleotides

5S, 120 nucleotides
1104

70%

31 polypeptides
487

30%
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Figure 30-22
The three-dimensional modelof the large ribosomal subunit
was deduced by mathematically combining its two-

different polypeptides. The up to 20,000 ribosomesin
an E. coli cell account for ~ 80% of its RNA content and

10%ofits protein.
Although the ribosomehasrecently been crystallized

by Ada Yonath,it is such a complex entity thatit will be
manyyears before its structure is known in molecular
detail. However, the low resolution structures of the
ribosome and its subunits have been determined

through image reconstruction techniques pioneered by
Aaron Klug in which electron micrographs of a single
particle or ordered sheets ofparticles taken from several
directions are combined to yield its three-dimensional
image (Fig. 30-22). The small subunit is a roughly mit-
ten-shaped particle, whereas the large subunit is spher-
oidal with three protuberanceson oneside (Fig. 30-23).
The large subunit also contains a tunnel, up to 25 A in
diameter and 100 to 120 A long,that extends fromacleft
between the subunit’s three protuberances andis postu-
lated to provide the nascent polypeptide’s exit path (Fig.
30-24),

 
dimensional electron microscope images as viewed from
different directions. The model of the small subunit was

similarly determined. [Courtesy of James Lake, UCLA.]

Ribosomal RNAsHave Evolutionarily Conserved
Secondary Structures

TheE. coli 165 rRNA,which was sequenced by Harry
Noller, consists of 1542 nucleotides. A computerized
search of this sequence for stable double helical seg-
ments yielded many plausible but often mutually exclu-
sive secondary structures. However, the comparison of
the sequences of 16S rRNAsfrom several prokaryotes,
under the assumption that their structures have been
evolutionarily conserved, led to the flowerlike second-
ary structure for 16S rRNA proposedin Fig. 30-25. This
four-domainstructure, which is 46% basepaired,is rea-
sonably consistent with the results of nuclease digestion
and chemical modification studies. Its double helical

stems tend to be short (<8 bp) and many of them are
imperfect. Intriguingly, electron micographsof the 16S
rRNA resemble those of the complete 30S subunit,
thereby suggesting that the 30S subunit’s overall shape
is largely determined by the 16S rRNA.

The large ribosomal subunit’s 5S and 235 rRNAs,
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(a)

 

 
Cleft

Platform 
Central

protuberance

 
Ribosome

 (b)

Figure 30-23
(a) A three-dimensional model of the E. coli ribosome
deduced asindicated in Fig. 30-22. The small subunit (fop)
combineswith the large subunit (middle) to form the
complete ribosome (bottom). The two viewsof the ribosome
match those seenin (6) the electron micrographs. [Courtesy
of James Lake, UCLA.]
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Figure 30-24
A computer-generated image of the large ribosomal subunit
from Bacillus stearothermophilus as determined by electron
micrographic image reconstruction of oriented two-
dimensionalarrays of particles. An ~ 25 A in diameter tunnel
extends ~ 100 A from the cleft between the subunit’s three

protrusions (T) to the nascent polypeptide’s probable exit
site (E). The bar is 20 A long. [Courtesy of Ada Yonath,
WeizmannInstitute of Science.]

which consist of 120 and 2904 nucleotides, respectively,
have also been sequenced. As with the 16S rRNA,they
appear to have extensive secondary structures. That
proposed for 5S rRNAis shownin Fig. 30-26. Of course,
as we have seen for tRNA,the secondarystructure of an
RNAprovideslittle indication ofits three-dimensional
structure (but see below).

Ribosomal Proteins Have Been Partially
Characterized

Ribosomal proteins are difficult to separate because
most of them are insoluble in ordinary buffers. By con-
vention, ribosomal proteins from the small and large
subunits are designated with the prefixes S andL,re-
spectively, followed by a numberindicating their posi-
tion, from upper left to lower right, on a two-dimen-
sional gel electrophoretogram (roughly in order of
decreasing molecular mass; Fig. 30-27). Only protein
$20/L26 is common to both subunits. It is apparently
located at the interface between the two-subunits. One

of the large subunit proteinsis partially acetylated .atits.
N-terminusso that it gives rise to two electrophoretic
spots (L7/L12). Four copies of this protein are present in
the large subunit. Moreover, these four copies of
L7/L12 aggregate with L10 to form a stable complex
that wasinitially thoughtto be a uniqueprotein, “L8.”
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Figure 30-25
The proposed secondary structure of the 1542 nucleotide E.

SA coli 16S rRNA based on the comparisons of sequences
from different species under the assumption that this

Domain !v secondary structure is evolutionarily conserved. The
flowerlike series of stems-and-loops forms four domains

3'(1542) (different colors) that are indicated by roman numerals. The
placementof certain features with respect to specific
ribosomal proteins and the entire 30S ribosomal subunit are
indicated by the red symbols. [After Gutell, R. R., Weiser,
B., Woese, C. R., and Noller, H. F., Prog. Nucleic Acid Res.
Mol. Biol. 32, 183 (1985).]
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Figure 30-27
A two-dimensional gel electrophoretogram of E. coli small
subunit proteins. First dimension (vertical): 8% acrylamide,
pH 8.6; second dimension (horizontal): 18% acrylamide; pH
4.6. [From Kaltschmidt, E. and Wittmann, H. G., Proc. Natt.
Acad. Sci. 67, 1277 (1970).]

All the other ribosomal proteins occur in only one copy
per subunit.

The amino acid sequencesofall 52 E. coli ribosomal
proteins have been elucidated, mainly by Heinz-Gunter
Wittmann and Brigitte Wittmann-Liebold. They range
in size from 46 residues for L34 to 557 residues for S1.

Most of these proteins, which exhibit little sequence
similarity with one another,are rich in the basic amino
acids Lys and Arg and contain few aromatic residues as
expected for proteins that are closely associated with
polyanionic RNA molecules. The X-ray structure of only
tworibosomalproteins haveso far been reported: those
of L30 and a C-terminal segment of L7/L12 (Fig. 30-28).
These proteins have remarkably similar structures de-
spite their only 14% amino acid sequenceidentity.

Ribosomal Subunits Are Self-Assembling
Ribosomal subunits form, under proper conditions,

from mixtures of their numerous macromolecular com-

ponents. Ribosomal subunits are therefore self-assembling
entities. Masayasu Nomura determined how this occurs
through partial reconstitution experiments. If one mac-
romolecular componentis left out of an otherwiseself-
assembling mixture of proteins and RNA, the other
components that fail to bind to the resulting partially
assembled subunit must somehow interact with the

omitted component. Through the analysis of a series of
such partial reconstitution experiments, Nomura con-
structed an assembly map of the small subunit (Fig.
30-29). This map indicates that the first steps in small
subunit assembly are the independent binding of cer-

  
Figure 30-28
The X-ray structures of two ribosomal proteins: (a) The
74-residue C-terminal fragment of E. coli L7/L12. (b)
Bacillus stearothermophilus L30 (61 residues). The two
protein molecules are oriented so as to show their closely
similar backbone comformations. [After Leijonmarck, M.,
Appelt, K., Badger, J., Liljas, A., Wilson, K. S., and White,
S. W., Proteins 3, 244 (1988).]

46S rRNA

Dh 

Figure 30-29
The assembly mapof the E. coli small subunit. Thick and
thin arrows between componentsindicate strong and weak
facilitation of binding, respectively. For example, the thick
arrow from 16S rRNA to S4 indicates that S4 binds directly
to 16S rRNAin the absence of other proteins, whereas the
thin arrows from 16S rRNA, S4, $8, S9, $19, and S20 to S7
indicate that the former componentsall participate in binding
S7. [After Held, W. A., Ballou, B., Mizushima, S., and
Nomura, M., J. Biol. Chem. 249, 3109 (1974).]
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tain proteins to 16S rRNA. Theresulting assembly in-
termediates provide the molecularscaffolding for bind-
ing other proteins. At one stage of the assembly process,
an intermediate particle must undergo a marked confor-
mational change before assembly can continue. The
large subunit self-assembles in a similar manner. The
observation that similar assembly intermediates occur in
vivo andin vitro suggests thatin vivo andin vitro assem-
bly processes are muchalike.

Ribosomal Architecture Has Been Deduced through
ImmuneElectron Microscopy and Neutron
Diffraction Studies

The positions of most ribosomal components have
been determined through a variety of physical and
chemical techniques. Many proteins have been located
by James Lake and by Georg Stéffler through immune
electron microscopy. Rabbit antibodies [immunoglob-
ulin G (IgG); Section 34-2A] raised against a specific
ribosomal protein bind to this protein where it is ex-
posed on the surfaceof its subunit. Electron microscopy
of the ribosomal subunit-IgG complex indicates the
point of attachmentof the IgG and hencethesite of the
ribosomal protein to which it binds (Figs. 30-30 and
30-31). These results have been confirmed and ex-
tended through neutron diffraction measurements of
30S subunits conducted by Donald Engleman andPeter
Moore(Fig. 30-322) and by similar studies on 50S sub-
units by Knud Nierhaus. Theprotein positions indicated
in Figs. 30-31 and 30-32a are consistent with the subunit
assembly map shownin Fig. 30-29 in that pairs of pro-
teins that must interact for proper subunit assembly(al-

 
Figure 30-30
Immune electron microscopy reveals the positions of
ribosomal proteins. Immunoglobin G (IgG) raised against a
particular ribosomal protein, here S6, is mixed with
ribosomes. The IgG, which is a Y-shaped protein (Section
34-2B), binds to its corresponding antigen at the ends of the
two short prongs of the Y, thereby binding together two
ribosomes. The position of the protein on the surface of the
ribosomeis indicated by the point of attachment of the IgG.
[Courtesy of James Lake, UCLA.]

 

(b) Large subunit

“\ 585'  L7/t42(

(a) Small subunit

$19 S$? S19

Lis

o 
Figure 30-31
Mapsofthe E. coli ribosomal(a) small and (6) large subunits
indicating the locations of some of their component proteins
as determined by immuneelectron microscopy. Sites that
are dashed are located on the back side of the subunit. On

the small subunit, the symbols 16S 3’ and 16S 5’ mark the
ends of the 16S RNA.Onthe large subunit, P indicates the
peptidyl transferase site, E marks the site where the
nascent polypeptide emerges from the ribosome (the end of
the tunnel in Fig. 30-24), M specifies the rilbosome’s
membrane anchorsite, and 5S 3’ and 5S 5’ mark the ends
of the 5S rRNA.[After Lake, J. A., Annu. Rev. Biochem. 54,
512 (1985).]

though not necessarily by direct contact) are in close
proximity.

Manyofthe secondarystructural elements of the 16S
rRNA have been located on the small subunit (Figs.
30-25 and 30-32b). Their positions were indirectly es-
tablished from the knownpositions of proteins that nu-
clease protection and RNA-protein cross-linking ex-
periments indicate bind to these elements. Thus, we
now have a complete, albeit crude, model ofthe E. coli
30S ribosomal subunit.

Affinity Labeling Has Helped Identify the
Ribosome’s Functional Components

Considerable effort has gone into identifying theri-
bosomes’s functional components such as the peptidyl
transferase center that catalyzes peptide bond forma-
tion (Section 30-3D). Manyof these investigations have
involved affinity labeling, a technique in which a reac-
tive groupis attachedto a naturalligand of the system of
interest such as an antibiotic that binds to the ribosome

(Section 30-3G). The reactive group, which may be
spontaneously reactive or photolabile so that it only
reacts upon UVillumination (photoaffinity labeling),
is carried to the ligand-binding site where it reacts to
cross-link the ligand to the surrounding groups. Dissoci-
ation of the resulting particle permits the identification
of the components with which the usually radioactive
affinity label has reacted.

The results of affinity labeling the ribosome have
often been difficult to interpret becauseits various func-
tions each appear to involve several ribosomal compo-
nents. For example, mRNAbinding apparently involves
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(a)

Figure 30-32
The structure of the 30S ribosomal subunit. (a) The relative
positions of all 21 proteins of the 30S ribosomal subunit
superimposedonits surface outline. Calling Part (/) the front
view, then Parts(i/) and (ji/) are the left side and bottom
views, respectively. The proteins are assigned their standard
numbers in Part (/) in which S20 is directly behind S3 (the
different colors of spheres are only a viewing aid). The
distances between pairs of these proteins were determined
from the neutron scattering of concentrated solutions of
reconstituted 30S subunits in which the two proteins of
interest were heavily deuterated while all other subunit
components were normally protonated (deuterons scatter

proteins 51, 53, $4, S5, $9, $12, and $18 as well as the
16S rRNA, whereas proteins L2, L11, L15, L16, L18,
L23, and L27, and the 23S RNAare implicated in the
peptidyl transferase function. To further confuse mat-
ters, studies with mutants deficient in various ribosomal

proteins have revealed that the absenceof anyofat least
15 of the 52 E. coli ribosomalproteins does notgreatly
affect the ribosome’stranslational ability. Nevertheless,
the following functionalities have been located (Figs.
30-23 and 30-31):

1. The 3’ end of the 16S rRNA, which is known to
participate in mRNAbinding (Section 30-3C), is lo-
cated on the small subunit’s “platform.” The loca-
tions of the proteins implicated in ribosomal mRNA
binding, together with the observation that the ribo-
some protects an ~40 nucleotide mRNA segment
from RNasedigestion, indicates that mRNAbindsto
the small subunit across the region connectingits
“head”to its “base.”

2. The anticodon-bindingsites occur in the small sub-ta tt

unit’s “cleft” region.

3. The four L7/L12 subunits forming the large sub-

(b)

neutrons quite differently from protons). Such
measurements on many different pairs of proteins permitted
the construction of this map in which the volume of each
sphereis proportional to the corresponding protein's mass
and its position marks the protein’s center of mass.
Compare this map'with Fig. 30-31a. [Courtesy of Peter
Moore, Yale University and Malcolm Capel, Brookhaven
National Laboratory.] (b) The locations of the double helical
elements of the 16S RNA(cylinders)relative to the 30S
subunit proteins (spheres) as deduced from protein-RNA
cross-linking studies. The view is the same as in Figs.
30-314 and 30-32(a,/), [From Schiiler, D. and Brinacombe,
R., EMBO J. 7, 1512 (1988).]

unit’s “stalk” participate in the ribosome’s various
GTPasereactions.

4. The peptidyl transferase function (P) occupies the
“valley” betweenthe large subunit’s other two pro-
tuberances.

5. The site that binds ribosomes to membranes(E; Sec-
tion 11-3F), occurs on the large subunit adjacent to
the polypeptide exit tunnel.

Thus, the large subunit appears to be mainly involved in
mediating biochemical tasks such as catalyzing the reac-
tions of polypeptide elongation, whereas the small subunit
is the majoractorin ribosomal recognition processes such as
mRNA and tRNA binding (although the large subunit is
also implicated in tRNA binding). Note that rRNA proba-
bly has a major functionalrole in many,if notall,ribo-
somalprocesses(recall that RNA has demonstrated cat-
alytic properties; Sections 29-4A and C).

Eukaryotic Ribosomes Are Larger and More
Complex Than Prokaryotic Ribosomes

Although eukaryotic and prokaryotic ribosomesre-
sembleeach otherin both structure and function, they
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Table 30-7

Componentsof Rat Liver Cytoplasmic Ribosomes

 Ribosome Small Subunit Large Subunit

Sedimentation coefficient 80S 40S 60S

Mass (kD) 4220 1400 2820

RNA

Major 185, 1874 nucleotides 28S, 4718 nucleotides
Minor 5.88, 160 nucleotides

5S, 120 nucleotides

RNA mass (kD) 2520 700 1820

Proportion of mass 60% 50% 65%

Proteins 33 polypeptides 49 polypeptides
Protein mass (kD) 1700 700 1000

Proportion of mass 40% 50% 35%

Source: Lewin, B., Genes (3rd ed.), p. 146, Wiley (1987).

differ in nearly all details. Eukaryotic ribosomes have
particle masses in the range 3.9 to 4.5 X 10° D and have
a nominal sedimentation coefficient of 80S. They disso-
ciate into two unequal subunits that have compositions
that are distinctly different from those of prokaryotes
(Table 30-7; compare with Table 30-6). The small (40S)
subunitof therat liver cytoplasmic ribosome, the most
well-characterized eukaryotic ribosome, consists of 33
unique polypeptides and an 18S rRNA.Its large (60S)
subunit contains 49 different polypeptides and three

 
 

 
  
 
 
   

 

Figure 30-33
The predicted secondary structures of evolutionarily distant
16S-like rRNAs from (a) archaebacteria (Halobacterium
voicanii), (b) eukaryotes (baker’s yeast), and (c) mammalian
mitochondria (bovine). Compare them with Fig. 30-25, the
predicted secondary structure of 16S RNA from eubacteria

 

 

 

rRNAsof 285, 5.85, and 5S. Electron microscopyindi-
cates that these subunits, as well as the intact ribosome,

have shapesthatare similar to those of their prokaryotic
counterparts.

Sequence comparisons of the corresponding rRNAs
from various species indicates that evolution has con-
served their secondary structures rather than their base
sequences(Figs. 30-25 and 30-33). For example, a G:C
in a base paired stem of E. coli 165 rRNA has been
replaced by an A-U in the analogous stem of yeast 18S

 
    

 

 

(E. coli). Note the closesimilarities of these assemblies; they
differ mostly by insertions and deletions of stem-and-loop
structures. The 23S-like rRNAs from a variety of species
likewise have similar secondary structures. [After Gutell,
R. R., Weiser, B., Woese, C. R., and Noller, H. F., Prog.
Nucleic Acid Res. Mol. Biol. 32, 183 (1985).]
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Figure 30-34
Distribution of [3H]Leu amongthe tryptic peptides from the
B subunit of soluble rabbit hemoglobin after the incubation
of rabbit reticulocytes with [H]leucine for the indicated
times. [After Dintzis, H. M., Proc. Natl. Acad. Sci. 47, 255
(1961).]

rRNA. The 5.85 rRNA, which occurs in the large eu-
karyotic subunit in base paired complex with 28S rRNA,
is homologousin sequence to the 5’ end of prokaryotic
23S rRNA. Apparently 5.85 RNAarose through muta-
tions that altered rRNA’s post-transcriptional process-
ing producing a fourth rRNA.

B. Polypeptide Synthesis: An Overview
Before we commenceourdetailed discussion of poly-

peptide synthesis, it will be helpful to outline someofits
major features.
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Polypeptide Synthesis Proceeds from N-Terminus
to C-Terminus

Thedirection of ribosomal polypeptide synthesis was
established, in 1961, by Howard Dintzis through radio-
active labeling experiments. He exposed reticulocytes
that were actively synthesizing hemoglobin to *H-la-
beled leucine for times less than that required to make
an entire polypeptide. The extent that the tryptic pep-
tides from the soluble (completed) hemoglobin mole-
cules were labeled increased with their proximity to the
C-terminus (Fig. 30-34). Incoming amino acids must
therefore be appended to a growing polypeptide’s C-
terminus; that is, polypeptide synthesis proceeds from N-
terminus to C-terminus.

Ribosomes Read mRNAin the 5’ — 3’ Direction
The direction that the ribosome reads mRNAs was

determined through the useof a cell-free protein syn-
thesizing system in which the mRNAwaspoly(A)with a
3’-terminal C.

5| A—A—A—-++—A—A—A—C 3'

Such a system synthesizes a poly(Lys) that has a C-ter-
minal Asn.

+

H,N—Lys—Lys—Lys— °:: —Lys—LysAsn — COO

This, together with the knowledge that AAA and AAC
code for Lys and Asn andthe polarity of polypeptide
synthesis, indicates that the ribosome reads mRNA in the
5’ — 3’ direction. Since mRNAis synthesized in the 5’ >
3’ direction, this accounts for the observation that, in

prokaryotes, ribosomesinitiate translation on nascent
mRNAs(Section 29-3).

Active Translation Occurs on Polyribosomes
Electron micrographsreveal that ribosomes engaged

in protein synthesis are tandemly arranged on mRNAs
like beadsona string (Figs, 30-35 and 29-16). The indi-

 
Figure 30-35
Electron micrographs of polysomesfrom silk gland cells of
the silkworm Bombyx mori. The 3’ end of the mRNAis on

the right. Arrowspointto thesilk fibroin polypeptides. The
bar represents 0.1 um. [Courtesy of Oscar L.Miller, Jr.,
University of Virginia.]
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vidual ribosomesin these polyribosomes (polysomes)
are separated by gaps of 50 to 150 A so that they havea
maximum density on mRNA of ~1 ribosome per 80
nucleotides. Polysomes arise because onceanactiveri-
bosomehasclearedits initiation site, a second ribosome
can initiate at thatsite.

Chain Elongation Occurs by the Linkage of the
Growing Polypeptide to the Incoming tRNA’s
Amino Acid Residue

During polypeptide synthesis, amino acid residues
are sequentially added to the C-terminusof the nascent,
ribosomally bound polypeptide chain. If the growing
polypeptideis released from the ribosome by treatment
with high salt concentrations, its C-terminal residue is
invariablyesterified to a tRNA molecule as a peptidyl-
tRNA.

tRNA
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Peptidyl-tRNA

The nascent polypeptide must therefore grow by being
transferred from the peptidyl-tRNAto the incoming amino-
acyl-tRNAto form a peptidyl-tRNA with one moreresidue
(Fig. 30-36). Apparently, the ribosomehasat least two
tRNA-bindingsites: the so-called P site, which binds
the peptidyl-tRNA, and the A site, which binds the
incoming aminoacyl-tRNA (Fig. 30-36). Consequently,
after the formation of a peptide bond, the newly deac-
ylated P-site tRNA mustbereleased and replaced by the
newly formed peptidyl-tRNA from the A site thereby

permitting a new roundof peptide bond formation. The
recent finding that each ribosomecan bind up to three
deacylated tRNAsbut only two aminoacyl-tRNAsindi-
cates, however, that the ribosome hasa third tRNA-

binding site: the exit or E site, which transiently binds
the outgoing tRNA.

The details of the chain elongation process are dis-
cussedin Section 30-3D. Chaininitiation and chain ter-

mination, which are special processes, are examined in
Sections 30-3C and 30-3E, respectively. In all of these
sections weshallfirst consider the process of interest in
E. coli and then compareit with the analogous eukary-
otic activity.

C. Chain Initiation

fMetIs the N-Terminal Residue of Prokaryotic
Polypeptides

The first indication that the initiation of translation
requires a special codon,since identified as AUG (and,
in prokaryotes, occasionally GUG), wasthe observation
that almostonehalfof the E.coli proteins begin with the
otherwise uncommon amino acid Met. This was
followed by the discovery of a peculiar form of Met-
tRNA™*in which the Met residue is N-formylated.

S— CH,

bn,
O CH) O

He NH — oa—o— O— tRNAM*
Formylmethionine-tRNAf*

(fMet-tRNAY")

The N-formylmethionine residue (fMet), which al-
ready has an amide bond, can therefore only be the
N-terminalresidue of a polypeptide. In fact, polypep-
tides synthesizedin an E. coli derived cell-free protein
synthesizing system always have a leading fMetresi-
due. fMet must therefore be E. coli’s initiating residue.

The tRNA that recognizes the initiation codon, -
tRNA(Fig. 30-37), differs from the tRNAthatcarries
internal Metresidues,(RNAM*, although they both rec-
ognize the same codon. In E. coli, uncharged (de-
acylated) tRNAM* is first aminoacylated with Met
by the same aminoacyl-tRNA synthetase that charges
tRNAR*. The resulting Met-tRNAM* is specifically N-
formylatedto yield f{Met-tRNAM* in an enzymatic reac-
tion which employs N1°-formyltetrahydrofolate (Sec-
tion 24-4D) as its formyl donor. The formylation
enzyme does not recognize Met-tRNAM*. The X-ray
structures of E. coli tRNAM* and yeast tRNAFe (Fig,
30-14)are largely similar but differ conformationally in
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tRNAG) tRNA (m+1)

Uncharged tRNA Peptidyl-tRNA

The ribosomal peptidyl transferase reaction forming a peptide bond. The
amino group of the aminoacyl-tRNAin the A site nucleophilically displaces
the tRNA of the peptidyl-tRNAin the P site thereby transferring the nascent
polypeptide to the A site tRNA.

their acceptor stems and anticodon loops. Perhaps these
structural differences permit tRNAM* to be distin-
guished from tRNAin the reactionsof chaininitiation
and elongation (see Section 30-3D).

E. coli proteins are post-translationally modified by de-
formylation of their fMet residue and, in manyproteins, by
the subsequent removal of the resulting N-terminal Met.
This processing usually occurs on the nascent polypep-
tide, which accounts for the observation thatE. coli pro-
teins all lack fMet.

Base Pairing between mRNAandthe 16S rRNA
Helps Select the Translational Initiation Site

AUGcodesfor internal Met residues as well as the

initiating Met residue of a polypeptide. Moreover,
mRNAsusually contain many AUGs (and GUGs) in
different reading frames. Clearly, a translational initia-
tion site must be specified by more than just an initiation
codon.

In E. coli, the 16S rRNA contains a pyrimidine-rich
sequenceatits 3’ end. This sequence, as John Shine and
Lynn Dalgarno pointed out in 1974,is partially comple-
mentary to a purine-richtract of 3 to 10 nucleotides, the
Shine-Dalgarno sequence,that is centered ~ 10 nu-
cleotides upstream from the start codon of nearly all

E. coli tRNAM*

 gat CGAG
ia U 11

18 G GCcuUA
ig“ D

Figure 30-37
The nucleotide sequenceof E. coli tRNAM¢ shownin
cloverleaf form. The shaded boxesindicate the significant
differences betweenthis initiator tRNA and noninitiator

tRNAssuch as yeast tRNA“®(Fig. 30-11). [After Woo,
N. M., Roe, B. A., and Rich, A., Nature 286, 346 (1980).]

 



136

924 Section 30-3. Ribosomes

 

Initiation
codon

araB - UUUGGAUGGAGUGAAACGA +GCGAUU-
galE - AGCCUAAUGGAGCGAAUU AGAGUU-
Lacl - CAAUUCAGGGUGGUGAUUGUGAAACCA-
lacZ - UUCACACAGGAAACAGCU.
QB phage replicase ~ UAACUAAGGAUGAAAUGC
oX174 phage A protein - AAUCUUGGAGGCUUUUUU.
R17 phage coat protein - UCAACCGGGGUUUGAAGC.,

 

 
 

Ribosomal S12 - AAAACCAGGAGCUAUUUAA GCAACA—
Ribosomal L10 —- CUACCAGGAGCAAAGCUA GCUUUA—

trpE -CAAAAUUAGAGAAUAACA CAAACA—

trp leader ~ GUAAAAAGGGUAUCGACAAL AAAGCA-

3' end of 16S rRNA

Figure 30-38
Sometranslationalinitiation sequences recognized byE. coli
ribosomes, The mRNAsarealigned according to their
initiation codons (blue shading). Their Shine-Dalgarno
sequences(red shading) are complementary, counting G-U

known prokaryotic mRNAs(Fig. 30-38). Base pairing
interactions between a mRNA’s Shine-Dalgarno sequence
and the 16S rRNA apparently permit the ribosometoselect
the proper initiation codon. Thus ribosomes with muta-
tionally altered anti-Shine- Dalgarno sequences often
have greatly reduced ability to recognize natural
mRNAs, although they efficiently translate mRNAs
whose Shine-Dalgarno sequences have been made
complementary to the altered anti-Shine- Dalgarnose-
quences. Moreover, treatment of ribosomes with the
bacteriocidal protein colicin E3 (produced by E.coli
strains carrying the E3 plasmid), which specifically
cleaves a 49-nucleotide fragment from the 3’ terminus
of 16S rRNA,yields ribosomes that cannotinitiate new
polypeptide synthesis but can complete the synthesis of
a previously initiated chain. In fact, when ribosomes
that have bound a fragmentof R17 phage mRNAcon-
taining theinitiation sequenceforits so-called A protein
are treated with colicin E3 and then dissociated in 1%

SDS, the mRNA fragmentis released in complex with
the 49-nucleotide rRNA fragment(Fig. 30-39).

Initiation Is a Three-Stage Process
that Requires the Participation of Soluble
Protein Initiation Factors

Intact ribosomesdo notdirectly bind mRNAsoas to
initiate polypeptide synthesis. Rather, initiation is a

R17 phage A protein mRNA

3' end of 16S rRNA
3 HoAU

Figure 30-39
Base pairing interactions between the colicin E3 fragment of
E. coli 16S rRNA and the R17 phageAproteininitiator

 

3 Ho” UUCE U CGACU AG 5'

pairs, to a portion of the 16S rRNA's 3’ end (below). [After
Steitz, J. A., in Chambliss, G., Craven, G. R., Davies, J.,
Davis, K., Kahan, L., and Nomura, M. (Eds.), Ribosomes.
Structure, Function and Genetics, pp. 481-482, University
Park Press (1979).]

complex process in which the two ribosomal subunits and
fMet-tRNAM* assemble on a properly aligned mRNAto
form a complex that is competent to commence chain elon-
gation. This assembly process also requires the participa-
tion of protein initiation factors that are not permanently
associated with the ribosome. Initiation in E. coli involves

three initiation factors designated IF-1, IF-2, and IF-3
(Table 30-8). Their existence was discovered whenit
was found that washing small ribosomal subunits with
1M ammonium chloride solution, which removes the

initiation factors but not the “permanent” ribosomal
proteins, prevents initiation.

Theinitiation sequencein E. coli ribosomes has three
stages (Fig. 30-40):

1. Upon completing a cycle of polypeptide synthesis,
the 30S and 50S subunits remain associated as inac-
tive 70S ribosomes. IF-3 binds to the 30S subunit so

as to promote the dissociation of this complex. IF-1
increases this dissociation rate, perhaps by assisting
the binding of IF-3.

2. GTP, mRNA, and a complex of IF-2 with fMet-
tRNA#*subsequently bind to the 30S subunitin un-
known order. Hence, fMet-tRNAM* recognition
must not be mediated by a codon-anticodoninter-
action; it is the only tRNA-ribosomeassociation not
to require one. This interaction, nevertheless, helps

fMet—Arg-—Ala-—

-AUUCCUAGGAGGUUUGACCUAUG CGAGCU-

UC
—_ CCACUAG-— 5'

region. [After Steitz, J. A. and Jakes, K., Proc. Nati. Acad.
Sci. 72, 4735 (1975).]
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Table 30-8

TheSoluble Protein Factors of E. coli Protein Synthesis

Factor Mass (kD) Function

Initiation factors

IF-1 9 Assists IF-3 binding
IF-2 97 Bindsinitiator {RNA and GTP

IF-3 22 Releases 30S subunit from inactive

ribosome and aids mRNAbinding

Elongation factors
EF-Tu 43 Binds aminoacyl-tRNA and GTP

EF-Ts 74 Displaces GDP from EF-Tu
EF-G 77 Promotestranslocation by binding

GTPto the ribosome

Release factors

RF-1 36 Recognizes UAA and UAGStop codons
RF-2 38 Recognizes UAA and UGAStop codons
RF-3 46 Binds GTP and stmulates RF-1 and

RF-2 binding

bind fMet-tRNA™*to the ribosome. IF-3 also func-
tions in this stage of the initiation process: It assists
the 30S subunit in binding the mRNA’s Shine-
Dalgarno sequence.

3. Lastly, in a process that is preceded by IF-3 release,
the 50S subunit joins the 30Sinitiation complex in a
mannerthat hydrolyzes its bound GTP to GDP + P;.
This irreversible reaction conformationally rear-
ranges the 30S subunit andreleases IF-1 and IF-2 for
participation in further initiation reactions.

Initiation results in the formation of an fMet-
tRNAM*- mRNA ribosome complex in which the fMet-
tRNAM*occupies the ribosome’s P site while its A site is
poised to accept an incoming aminoacyl-tRNA (an ar-
rangement analogous to that at the conclusion of a
round of elongation: Section 30-3D). This arrangement
wasestablished throughthe use of the antibiotic puro-
mycin as is discussed in Section 30-3D. Note that
tRNAM*is the only tRNAthatdirectly enters thePsite.
All other tRNAs mustdo so via the A site during chain
elongation (Section 30-3D).

Eukaryotic Initiation Resembles that of Prokaryotes
Eukaryotic initiation resembles the overall prokary-

otic process but differs from it in detail. Ribosomes have
a far more extensive “zoo”ofinitiation factors (desig-
nated eJF-n; “e” for eukaryotic) than do prokaryotes.
Over 10, many with multiple subunits, occur in some
eukaryotic systems although they are more difficult to
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Inactive 70S ribosome

@-=  
 
 
 

fMet — tRNA M*

Shine-Dalgarno
sequence Se

5' Qt AUG, 3'+ Be

 
70Sinitiation complex

Figure 30-40
Theinitiation pathwayin E. coli ribosomes.

distinguish from ribosomal proteins than are prokary-
otic initiation factors.

The moststriking difference between eukaryotic and
prokaryotic ribosomalinitiation occurs in the second
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EF - Ts

Nascent

polypeptide 

Aminoacyl-tRNA

 

PeptidyltRNA Aminoacyl-tRNA 

Translocation 
tRNA

GTP

Figure 30-41
The elongation cycle in E. coli ribosomes. Eukaryotic
elongation followsa similar cycle but EF-Tu and EF-Ts are

stage of the process, the binding of mRNA and a com-
plex of eIF-2, GTP, and Met-tRNA™to the 40S ribo-
somal subunit(here the subscript “i’’ distinguishes eu-
karyotic initiator tRNA, whose appended Metresidueis
never N-formylated, from that of prokaryotes; both
species are, nevertheless, readily interchangeable in
vitro). Eukaryotic mRNAslack the complementary se-
quences to bind 18S rRNA in the Shine-Dalgarno
manner. Rather, translation of eukaryotic mRNAs, which
are invariably monocistronic, almost always starts at their
first AUG. This, together with the observationsthat(1)
prokaryotic but not eukaryotic ribosomescan inititiate
on circular RNAs, and (2) a subunit of eIF-4F is a cap
binding protein, suggests that the 40S subunit bindsat
or near eukaryotic mRNA’s 5’ cap (Section 29-4A) and
migrates downstream until it encountersthe first AUG.
This hypothesis explains the greatly reduced initiation
rates of improperly capped mRNAs.

D. Chain Elongation

Ribosomes elongate polypeptide chains in a three-stage
reaction cycle that adds amino acid residues to a growing

EF-Tu * GTP

* EF-Tu * GTP

Binding

 

 

GTP

EF - Tue EF-Ts

GDP
  

  
 

 
 

EF - Ts

EF - Tu * GDP  Aminoacyl- 

  

 Transpeptidation

  ————

replaced by a single multisubunit protein, eEF-1, and EF-G is
replaced by eEF-2.

polypeptide's C-terminus (Fig. 30-41). This process,
which occursat a rate of up to 40 residues/s, involves
the participation of several nonribosomalproteins
knownas elongation factors (Table 30-8).

Aminoacyl-tRNA Binding
In the “binding”stageof the E. coli elongation cycle, a

binary complex of GTP with the elongation factor
EF-Tu combines with an aminoacyl-tRNA.Theresult-
ing ternary complex binds to the ribosome and, in a
reaction that hydrolyzes the GTP to GDP + P,, the ami-
noacyl-tRNA is boundin a codon-anticodon complex
to the ribosomalA site and EF-Tu: GDP + P,is released.
In the remainderofthis stage, whichservesto regener-
ate the EF-Tu-GTP complex, GDP is displaced from
EF-Tu: GDPby the elongation factor EF-Ts which,in
turn,is displaced by GTP.

Aminoacyl-tRNAs can bind to the ribosomal A site
without the mediation of EF-Tu butat a rate too slow to
supportcell growth. The importance of EF-Tu is indi-
cated by the fact that it is the most abundantE. coli
protein; it is present in ~ 100,000 copiespercell (>5%
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 of the cell’s protein), which is approximately the num-
ber of tRNA molecules in the cell. Consequently, the
cell’s entire complementof aminoacyl-tRNAsis essentially
sequestered by EF-Tu.

EF-Tu binds neither formylated nor unformylated
Met-tRNAM*, which is why theinitiator tRNA never
reads internal AUG or GUG codons. Whatis the struc-
turalbasis of this discrimination? E. coli tRNAM*differs
from otherE. coli tRNAsby the absenceof a basepairat
the endof its aminoacid stem (Fig. 30-37). The conver-
sion ofits 5’-terminal C residue to U bybisulfite treat-
ment, whichreestablishes the missing base pair as U- A,
allows EF-Tu binding. Evidently, EF-Tu recognizes the
amino acid stem of noninitiator tRNAs. However, the
initiator tRNAsfrom several other sources do have fully
base paired aminoacid stems.

Transpeptidation
The peptide bond is formed in the second stage of the

elongation cycle through the nucleophilic displacement of
the P-site tRNA by the amino group of a 3’-linked amino-
acyl-tRNAin theA site (Fig. 30-36). The nascentpolypep-
tide chain is thereby lengthened atits C-terminus by one
residue and transferred to the A-site tRNA, a process
called transpeptidation. The reaction occurs without
the needofactivating cofactors such as ATP becausethe
ester linkage between the nascent polypeptide and the
P-site tRNA is a “high-energy” bond. The peptidyl
transferase center that catalyzes peptide bond forma-
tion is located entirely on the large subunit as is demon-
strated by the observation that in high concentrationsof
organic solvents such as ethanol, the large subunit alone
catalyzes peptide bond formation. The organic solvent
apparently distorts the large subunit in a way that
mimics the effect of small subunit binding. Peptidyl
transferaseactivity seemsto arise from the juxtaposition
of several polypeptide chains in the large subunit to-
gether with the 23S RNA(Section 30-3A).

HCCH
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Translocation

In the final stage of the elongation cycle, the now un-
charged P-site tRNA(at first tRNAM* but subsequently a
noninitiator tRNA) is expelled (or, perhaps, transferred to
the E site and expelled in the next binding reaction) and, ina
process knownas translocation, the peptidyl-tRNAin the
A site, together with its bound mRNA,is movedto thePsite.
This prepares the ribosomefor the next elongationcycle.
The maintenance of the peptidyl-tRNA’s codon-
anticodon association is no longer necessary for amino
acid specification. Rather, it probably acts as a place-
keeperthat permits the ribosometo precisely step off the
three nucleotides along the mRNArequired to preserve
the reading frame. Indeed, the observation that frame-
shift suppressor tRNAsinduce a four nucleotide trans-
location (Section 30-2E) indicates that mRNA move-
mentis directly coupled to tRNA movement.

The translocation process requires theparticipation of
an elongation factor, EF-G, that binds to the ribosome
together with GTP andis only released upon hydrolysis
of the GTP to GDP + P;. EF-G releaseis prerequiste for
beginning the next elongation cycle because the ribo-
somal binding of EF-G and EF-Tu are mutually exclu-
sive. Translocation is clearly a highly complex mechani-
cal process and, unfortunately, one that is but poorly
understood.

Puromycin Is an Aminoacyl-tRNA Analog
The ribosomalelongation cycle wasoriginally charac-

terized throughtheuseof the antibiotic puromycin(Fig.
30-42). This substance, which resembles the 3’ end of Tyr-
tRNA, causes the premature termination of polypeptide
chain synthesis. Puromycin, in competition with the
specified aminoacyl-tRNA but without the need of
elongation factors, binds to the ribosomal A site which,
in turn, catalyzes a normaltranspeptidation reaction to
form peptidyl-puromycin.Yet, the ribosome cannotcat-
alyze the transpeptidation reaction in the next elonga-

Figure 30-42
Puromycin (/eft) resembles the 3‘ terminus of
tyrosyl-tRNA(right).

H-O—CHg, O “OP—O—CHs oO
H H O- HH

H H H

HN OH ° OH
c=0 e=0|

|

NH} NH}
oS

Puromycin Tyrosyl-tRNA
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tion cycle because puromycin’s “aminoacid residue”is
linked to its “tRNA”via an amide rather than an ester

bond. Polypeptide synthesis is therefore aborted and
the peptidyl-puromycin is released.

In the absence of EF-G and GTP,an active ribosome

cannot bind puromycin becauseits A site is already oc-
cupied by a peptidyl-tRNA. A newly initiated ribosome,
however,violatesthis rule; it catalyzes f{Met-puromycin
formation. These observations demonstrated the func-
tional existence of the ribosomal P and A sites and estab-
lished that fMet-tRNA/* binds directly to the P site,
whereas other aminoacyl-tRNAs mustfirst enterthe A site.

The Eukaryotic Elongation Cycle Resembles that of
Prokaryotes

The eukaryotic elongation cycle closely resembles thatof
prokaryotes. In eukaryotes, the functions of EF-Tu and
EF-Ts are assumedby twodifferent subunits of the eu-
karyotic elongation factor eEF-1. Likewise eEF-2 func-
tions in a manner analogous to EF-G. However, the
corresponding eukaryotic and prokaryotic elongation
factors are not interchangable.

E. Chain Termination

Polypeptide synthesis underthe direction of synthetic
mRNAs such as poly(U) terminates with a peptidyl-
tRNAin association with the ribosome. However, the

translation of natural mRNAs, which contain the termina-
tion codons UAA, UGA,or UAG,results in the production
offree polypeptides (Fig. 30-43). In E. coli, the termination
codons, the only codons that normally have no corre-
sponding tRNAs,are recognized by protein release fac-
tors (Table 30-8): RF-1 recognizes UAA and UAG,
whereas RF-2 recognizes UAA and UGA.Neither of
these release factors can bind to the ribosomesimulta-

neously with EF-G. A third release factor, RF-3, which
binds GTP, stimulates the ribosomal binding of RF-1
and RF-2. Therelease factors act at the ribosomalA site

as is indicated by the observation that they compete
with suppressor tRNAsfor termination codons.

The binding of a release factor to the appropriate termi-
nation codon induces the ribosomal peptidyl transferase to
transfer the peptidyl group to water rather than to an
aminoacyl-tRNA(Fig. 30-44). The consequent uncharged
tRNA subsequently dissociates from the ribosome and
the release factors are expelled with the concomitant
hydrolysis of GTP to GDP + P;. The resulting inactive
ribosomethenreleases its bound mRNApreparatory for
a new round of polypeptide synthesis.

Termination in eukaryotes resembles that in prokary-
otes but requires only a single release factor, eRF, that
binds to the ribosome together with GTP. This GTPis
hydrolyzed to GDP + P;in a reaction that is thought to
trigger eRF’s dissociation from the ribosome.

Nascent polypeptide

 

 
NH3 PeptidyltRNA

mRNA 5’ ,

RF-3 * GTP

 
 
NH; Polypeptide

COO~

 
Uncharged
tRNA

 
Figure 30-43
The termination sequencein E. coli ribosomes. RF-1
recognizes the termination codons UAA and UAG, whereas
RF-2 recognizes UAA and UGA.Eukaryotic termination
follows an analogous pathwaybut requires only a single
release factor, eRF, that recognizesall three termination
codons.
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Figure 30-44
The ribosome catalyzed hydrolysis of peptidyl-tRNA to form a polypeptide
and free tRNA.

GTP Hydrolysis Speeds Up Ribosomal Processes
hat is the role of the various GTP hydrolysis reac-

tions that are essential for normal ribosomal function?

Translation occurs in the absence of GTP, albeit ex-

tremely slowly, so that the free energy of the transpepti-
dation reaction is sufficient to drive the entire transla-

tional process. Moreover, none of the GTP hydrolysis
reactions yield a “high-energy” covalent intermediate
as does, say ATP hydrolysis in numerous biosynthetic
reactions.It is therefore thought that GTP binding allo-
sterically causes ribosomal components to changetheir
conformations in a waythatfacilitates a particular pro-
cess such as translocation. This conformational change
also catalyzes GTP hydrolysis which, in turn, permits
the ribosometorelax to its initial conformation with the

concomitant release of products including GDP + P;.
The high rate andirreversibility of the GTP hydrolysis reac-
tion therefore ensures that the various complex ribosomal
processesto whichit is coupled, initiation, elongation, and
termination, will themselves be fast and irreversible. GTP
hydrolysis also facilitates translational accuracy (see
below).

 

F. Translational Accuracy

The genetic code is normally translated with remark-
able fidelity. We have already seen that transcription
and tRNA aminoacylation both proceed with high accu-
racy (Sections 29-2D and 30-2C). The accuracyofribo-
somal mRNAdecoding was estimated from the rate of
misincorporation of °°S-Cysinto highly purified flagel-

lin, an E. coli protein (Section 34-3G) that normally
lacks Cys. These measurements indicated that the mis-
translation rate is ~ 10~* errors/per codon.Thisrate is
greatly increased in the presence of streptomycin, an
antibiotic that increases the rate of ribosomal misread-

ing (Section 30-3G). From the types of reading errors
that streptomycin is known to induce, it was concluded
that the mistranslation arose almost entirely from the
confusion of the Arg codons CGU and CGCfor the Cys
codons UGU and UGC.Theaboveerrorrate is therefore

largely caused by mistakes in ribosomal decoding.
Aminoacyl-tRNAsare selected by the ribosome only

according to their anticodon. Yet, the binding energy
loss arising from a single base mismatch in a codon-
anticodoninteraction is estimated to be ~ 12 kJ-mol7!
which, accordingto Eq. [30.1], cannot accountfor a ribo-
somal decoding accuracyofless than ~ 10~? errors per
codon.Evidently, the ribosome has somesort of proof-
reading mechanism thatincreasesits overall decoding
accuracy.

How mighta ribosomeproofread a codon -anticodon
interaction? Two types of mechanisms can be envis-
aged: (1) a selective binding mechanism, such as those
of aminoacyl-tRNA synthetases (Section 30-2C); and
(2) a kinetic mechanism. The problem with a ribosomal
selective binding mechanism is that thereis little evi-
dence indicating the existence of a second aminoacyl-
tRNA binding site that functions to exclude improper
codon -—anticodon interactions. Evidence is accumulat-

ing, however, that is consistent with a kinetic proof-
reading mechanism.
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Kinetic Proofreading Requires a Branched Reaction
Path

Kinetic proofreading models of tRNAselection re-
quire only one-bindingsite. John Hopfield theorized
that such a process can occur via a branched reaction
mechanism of polypeptide chain elongation suchasis
diagrammedin Fig. 30-45:

1. The initial-binding reaction discriminates, as dis-
cussed, between cognate (specified) and noncognate
(unspecified) tRNAs according to their codon-
anticodon binding energies.

2. Following this, the bound GTP irreversibly hydro-
lyzes yielding an activated intermediate as is indi-
cated by the star. This complex can thenreact in one
of two ways:

(a) EF-Tu-GDP can dissociate from the ribosome
with rate constant k, thereby committing the ri-
bosometo form a peptide bond.

(b) Alternatively, the aminoacyl-tRNA can dissoci-
ate from the ribosome with rate constant k,

thereby aborting the elongation_step.
EF-Tu-GDP subsequently dissociates from the

Ribosome (n) + aatRNA » EF-Tu+ GTP

Ribosome (x) * aa~tRNA + EF-Tu GTP

khes *

L [Ribosome (n) * aa-tRNA * EF-Tu cpp]

Initial
recog-
nition  EF-Tu + GDP kg ka aa~tRNA

Proof- < . . ,reading Ribosome (x +1) Ribosome(m) * EF-Tu + GDP
Rs

EF-Te» GDP

[ Ribosome(n)
Figure 30-45
A kinetic proofreading mechanism for selecting a correct
codon-anticodoninteraction. Theinitial recognition reaction
screens the aminoacyl-tRNA (aa-tRNA)for the correct
codon-anticodon interaction. The resulting complex
converts, in a GTP-driven process,to a “high-energy”
intermediate (*) which, in turn, either releases EF-Tu: GDP
preparatory to forming a peptide bond orreleases
aminoacyl-tRNA before EF-Tu- GDPis released.If k,/kis
greater for a codon-anticodon mismatchthanit is for a
match, then these latter steps constitute a proofreading
mechanism for proper tRNA binding.

Table 30-9

Some Ribosomal Inhibitors 

Inhibitor Action 

Chloramphenicol Inhibits peptidyl transferase on the
prokaryotic large subunit

Cycloheximide Inhibits peptidy! transferase on the
eukaryotic large subunit

Erythromycin Inhibits translocation by the prokaryotic
large subunit

Fusidic acid Inhibits elongation in prokaryotes by
preventing EF-G-GDPdissociation
from the large subunit

Puromycin An aminoacyl-tRNA analog that causes
premature chain termination in
prokaryotes and eukaryotes

Streptomycin Causes mRNA misreading andinhibits
chain initiation in prokaryotes

Tetracycline Inhibits the binding of aminoacyl-tRNAs
to the prokaryotic small subunit

Catalytically inactivates eEF-2 by
ADP-ribosylation

Poisonousplantproteins that

Diphtheria toxin

Ricin/Abrin
catalytically inactivate the eukaryotic
large subunit 

ribosome permittingit to reinitiate the elongation
step.

If the ratio k, /ks is greater for noncognate than for cognate
tRNAs, then a second screening will have occurred.It is
thought that the physical basis of this second screening
is that k, is independentof the tRNA’sidentity, whereas
k, is larger for a relatively weakly bound noncognate
tRNA than it is for a cognate tRNA. The rate of
EF-Tu-GDP dissociation therefore provides a count-
downclock against which the ribosome measures the
rate of tRNA dissociation: A noncognate tRNA usually
dissociates from the ribosome before EF-Tu: GDP does
(an average period of several milliseconds), whereas a
cognate tRNA usually remains bound. Theactivated
intermediate is essential for this process because other-
wiseits tRNA dissociationstep (that characterized byk,)
would beidentical to that of the initial recognition step
(that characterized by k_,). GIP hydrolysis therefore
provides the second context necessary for proofreading.

The kinetic proofreading model is supported by the
following observations:

1. More GTP is hydrolyzed per peptide bond formed
with noncognatethan with cognate tRNAs(although
this observationis also consistent with selective bind-

ing models).
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2. The rate of EF-Tu: GDPdissociation from a ribosome

is, in fact, independent of its bound aminoacyl-
tRNA’sidentity.

G. Protein Synthesis Inhibitors: Antibiotics

Antibiotics are bacterially or fungally produced sub-
stances that inhibit the growth of other organisms, Antibi-
otics are knownto inhibit a variety of essential biological
processes including DNAreplication (e.g., novobiocin,
Section 28-5C), transcription (e.g., rifamycin B; Section
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Fusidic acid

 
Tetracycline

Figure 30-46
A selection of antibiotics that act as translational inhibitors.

29-2C), and bacterialcell wall synthesis (e.g., penicillin;
Section 10-3B). However, the majority of known antibi-
otics, including a great variety of medically useful sub-
stances, block translation. This situation is presumably a
consequenceofthetranslational machinery’s enormous
complexity, which makesit vulnerable to disruption in
manyways. Antibiotics have also been useful in analyz-
ing ribosomal mechanisms because, as we have seen for
puromycin (Section 30-3D), the blockade of a specific
function often permits its biochemical dissection into its
componentsteps. Table 30-9 and Fig. 30-46 present
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several medically significant and/or biochemically use-
ful translationalinhibitors. We study the mechanismsof
a few of the best characterized of them below.

Streptomycin
Streptomycin, which was discovered in 1944 bySel-

man Waksman,is a medically important memberof a
family of antibiotics known as aminoglycosides that
inhibit prokaryotic ribosomes in a variety of ways. At
low concentrations, streptomycin induces the ribosome
to characteristically misread mRNA: One pyrimidine
may be mistaken for the other in the first and second
codonpositions and either pyrimidine may be mistaken
for adenineinthefirst position. This inhibits the growth
of susceptible cells but does not kill them. At higher
concentrations, however, streptomycin prevents proper
chain initiation and thereby causes cell death.

Certain streptomycin resistant mutants(str®) haveri-
bosomes with an altered protein 512 compared with
streptomycin sensitive bacteria (str§). Intriguingly, a
change in base C912 of 165 rRNA (which lies in the
central loop in Fig. 30-25) also confers streptomycin
resistance. (Some mutantbacteria are not only resistant
to streptomycin but dependentonit; they require it for
growth.) In partial diploid bacteria that are heterozy-
gousfor streptomycinresistance (str®/str®), streptomy-
cin sensitivity is dominant. This puzzling observation is
explained bythefindingthat, in the presenceof strepto-
mycin, strS ribosomes remain boundtoinitiation sites
thereby excluding str® ribosomes from these sites.
Moreover, the mRNAsin these blocked complexes are
degraded after a few minutes, which alowsthestr® ri-
bosomesto bind to newly synthesized mRNAsas well.

Chloramphenicol
Chloramphenicol, the first of the “broad-spectrum”

antibiotics, inhibits the peptidyl transferase activity on
the large subunit of prokaryotic ribosomes. However,its
clinical uses are limited to only severe infections because
of its toxic side effects which are caused,at least in part,
by the chloramphenicol sensitivity of mitochondrial ri-
bosomes. Binding experiments with reconstituted 50S
subunits that are missing one or another component
suggest that protein L16 is necessary for chlorampheni-
col binding. This is corroborated by affinity labeling
experiments indicating that L16, as well as several other
large subunit proteins and the 235 RNA,are in proxim-
ity to bound chloramphenicol. The 235 RNA is also
implicated in chloramphenicol resistance by the obser-
vation that some of its mutants are chloramphenicol
resistant. Chloramphenicol’s binding-site mustlie near
the large subunit’s A site since chloramphenicol com-
petes for binding with puromycin and the 3’ end of
aminoacyl-tRNAs but not with peptidyl-tRNAs. This
observation suggests that chloramphenicol inhibits
peptidy] transfer by interfering with the interactions of
ribosomes with A site-bound aminoacyl-tRNAs.

Tetracycline
Tetracycline andits derivatives are broad-spectrum

antibiotics that bind to the small subunit of prokaryotic
ribosomes wherethey inhibit aminoacyl-tRNAbinding.
Tetracycline also blocks the stringent response (Section
29-3F) by inhibiting ppGpp synthesis. This indicates
that deacylated tRNA must bindtothe A site in order to
activate stringentfactor.

Tetracycline-resistant bacterial strains have become
quite common thereby precipitating a seriousclinical
problem. Most often, however, resistance is conferred
by a decreasein bacterial cell membrane permeability to
tetracycline rather than any alteration of) ribosomal
components.

Diphtheria Toxin
Diphtheria is a disease that results from bacterial

infection by Corynebacterium diphtheriae that harbor the
bacteriophage corynephage£.Diphtheria was a leading
cause of childhood death until early in this century
when immunization became prevalent. Although the
bacterial infection is usually confined to the upperrespi-
ratory tract, the bacteria secrete a phage-encodedpro-
tein, knownas diphtheria toxin, that is responsible for
the disease’s lethal effects. Diphtheria toxin specifically
inactivates the eukaryotic elongation factor eEF-2 thereby
inhibiting eukaryotic protein synthesis.

The pathogenic effects of diphtheria are prevented, as
wasdiscoveredin the 1880s, by immunization with tox-
oid, formaldehyde inactivated toxin. Individuals who
have contracted diphtheria are treated with antitoxin
from horse serum, which binds to and thereby inacti-
vates diphtheria toxin, as well as with antibiotics to
combatthe bacterial infection.

Diphtheriatoxin acts in a particularly interesting way.
It is a monomeric 58-kD protein that is readily cleaved
bytrypsin and trypsin-like enzymesinto two fragments,
A and B. The B domain ofintact toxin binds to an un-

knownreceptor on the plasma membraneof susceptible
cells. The toxin is then proteolytically cleaved where-
uponthe B fragmentfacilitates the A fragment’s cytoso-
lic uptake via receptor-mediated endocytosis (free frag-
ment A is devoid of toxic activity).

Within the cytosol, the A fragment catalyzes the
ADP-ribosylation of eEF-2 by NAD*,

eBF-2 + NAD*

(active)

| diphtheria toxin
ADP-ribosyl-eEF-2 + Nicotinamide + Ht

(inactive)

thereby inactivating this elongation factor. Since the A
fragmentacts catalytically, one molecule is sufficient to
ADP-ribosylate all of a cell’s eEF-2s, which halts protein
synthesis and kills the cell. Only a few micrograms of
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diphtheria toxin are therefore sufficientto kill an unim-
munized individual.

Diphtheria toxin specifically ADP-ribosylates a modi-
fied His residue on eEF-2 known as diphthamide:

i
—NH— CHC —

CH, His residue

cy ds
/ N(CH)

N B38
CH,— CHy- CH

ADP—O— CH» O |Cc=0
|

NH, 
ADP-ribosyl group

ADP-Ribosylated diphthamide

Diphthamide occurs only in eEF-2 (not even in its bacte-
rial counterpart, EF-G), which accountsfor the specific-
ity of diphtheria toxin in exclusively modifying eEF-2.
The observation that diphthamideoccursin all eukary-
otic eEF-2’s suggests that this residue is essential to
eEF-2 activity. Yet, certain mutant cultured animalcells,
which have unimpaired capacity to synthesize proteins,
lack the enzymesthatpost-translationally modify His to
diphthamide. Diphthamide’s normalbiologicalrole is
therefore a mystery.

4, CONTROL OF EUKARYOTIC

TRANSLATION 

The rates of ribosomal initiation on prokaryotic
mRNAsvary by factors of up to 100. For example, the
proteins specified by the E. coli lac operon, B-galactosi-
dase, galactose permease, and thiogalactoside trans-
acetylase, are synthesized in molar ratios of 10:5: 2.
This variation is probably a consequenceoftheir differ-
ent Shine-Dalgarno sequences. Alternatively, ribo-
somes may attach to lac mRNAonlyatits B-galactosi-
dase gene and occasionally detach in response toa chain
termination signal (thereby accounting for the decreas-
ing translational rates along the operon). At anyrate,
there is no evidence that prokaryotic translation rates
are responsive to environmental changes. Genetic ex-
pression in prokaryotes is therefore almost entirely tran-
scriptionally controlled (Section 29-3). Of course, since
their mRNAs havelifetimes of only a few minutes, it
would seem that prokaryotes havelittle need of transla-
tional controls.

Eukaryotic transcriptional control, although far more
complex than that in prokaryotes,is largely reserved for
regulating cell differentiation (Section 33-3). There are,
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however, increasing indications that eukaryoticcells re-
spondto their needs, at least in part, through transla-
tional control. This is feasible because thelifetimes of

eukaryotic mRNAsare generally hours or days. In this
section, we examinethe two best-characterized eukary-
otic translational control mechanisms:(1) the regulation
of hemoglobin synthesis by heme, and (2) theeffects of
virus-induced proteins knownas interferons. We also
consider the phenomenon of mRNA masking.

A. Translational Control by Heme
Reticulocytes synthesize protein, almost exclusively

hemoglobin, at an exceedingly high rate and are there-
fore a favorite subject for the study of eukaryotic trans-
lation. Hemoglobin synthesis in fresh reticulocyte ly-
sates proceeds normally for several minutes but then
abruptly stops becauseof the inhibition of translational
initiation and the consequent polysomedisaggregation.
This effect is prevented by the addition of heme[a mito-
chondrial product (Section 24-4A) that this in vitro sys-
tem cannot synthesize] thereby indicating that globin
synthesis is regulated by hemeavailability. The inhibition
of globin translational initiation is also reversed by the
addition of the eukaryotic initiation factor elF-2 and by
high levels of GTP.

In the absence of heme,reticulocyte lysates accumu-
late a protein, heme-controlled inhibitor (HCD, that
phosphorylates a specific Ser residue on the a subunit of
eIF-2 (eIF-2 is an oy trimer that carries GTP and Met-
tRNAM*to the 40S ribosomalsubunit; Section 30-3C).
HCI is generated, in the absence of heme, from a pre-
existing proinhibitor by a poorly characterized process
that probably involves at least one other protein.

Phosphorylated eIF-2 can participate in the ribosomal
initiation process in much the same way as unphos-
phorylated eIF-2. This puzzling situation wasclarified
by the discovery that GDP does not spontaneously dis-
sociate from eIF-2 at the completion ofinitiation asit
does from IF-2 in the corresponding prokaryotic process
(Fig. 30-40). Rather, eIF-2 exchanges its GDP for GTP in
a reaction mediated by anotherinitiation factor, eIF-2B
(Fig. 30-47). It turns out that phosphorylated elF-2
forms a muchtighter complex with eIF-2B than does
unphosphorylated eIF-2. This sequesters eIF-2B (Fig.

GDP GTP

><
eIF-2B ¢ GTP eIF-2B * GDP

elF-2 « GDP NUS elF-2 © GTP
Figure 30-47
The elF-2-GDP product of eukaryotic ribosomalinitiation is
regenerated by GDP-GTPinterchange with elF-2B-GTP.



146

934 Section 30-4. Control of Eukaryotic Translation

 
Inhibited

by heme

& HCI
(active)

ATP | ADP
 

P; | H,0
- elF-2 Phosphatase

Figure 30-48
Amodel for heme-controlled protein synthesis in reticulocytes.

30-48), which is present in lesser amounts than is elF-2,
thereby preventing regeneration of the elF-2-GTP re-
quiredfortranslationalinitiation. The presence of heme
reverses translational inhibition by inhibiting HCI.
The phosphorylated eIF-2 molecules are reactivated
through the action of eIF-2 phosphatase, which is un-
affected by heme. Reticulocytes, in addition, contain a
recently discovered 67-kD protein that protects eIF-2
from HClI-catalyzed phosphorylation.

B. Interferon

Interferons are glycoproteins that are secreted by virus
infected vertebrate cells. Upon binding to surface receptors
of othercells, interferons convert them to an antiviralstate,
which impairs the replication of a wide variety of RNA and
DNAviruses. Indeed, the discovery of interferon in the
1950s arose from the observation that virus-infected
individuals are resistant to infection by a second type of
virus.

There are three families of interferons: type & or leu-
cocyte interferon (leucocytes are white bloodcells), the
related type f or fibroblast interferon (fibroblasts are
connective tissue cells), and type y or lymphocyte in-
terferon (lymphocytes are immunesystem cells). Inter-
feron synthesis is induced by double-stranded RNA
(dsRNA), which is probably generated during infection by
both DNA and RNA viruses, as well as by the synthetic
dsRNApoly(1) - poly(C). Interferonsare effective antiviral
agents in concentrations as low as 3 X 1071*M, which
makes them among the most potent biological sub-
stances. Moreover,they havefar wider specificities than
antibodies raised against a particular virus. They have
therefore elicited great medical interest, particularly
since somecancersare virally induced (Section 33-4C).
Indeed, they are in clinical use against certain tumors
andviral infections. These treatments are made possible
by the production of large quantities of these otherwise

 

quite scarce proteins through molecular cloning tech-
niques (Section 28-8).

Interferons preventviralproliferation largely by inhibit-
ing protein synthesis in infected cells (lymphocyte inter-
feron also modulates the immuneresponse). They do so in
two independent ways(Fig. 30-49):

1. Interferons inducethe productionof a protein kinase
that, in the presence of dsRNA, phosphorylates the
elF-2 a subunit identically to the action of HCI in
reticulocytes, thereby inhibiting ribosomal initiation.
This observation suggests that elF-2 phosphorylation
may be a general mechanism of eukaryotic transla-
tional control.

2. Interferons also induce the synthesis of (2’,5’)-

(a)

Interferon-induced

protein kinase

dsRNA

ATP ADP

 

elF-2 Phosphatase
ry

Inhibition of Translation

(b)

Interferon-induced

2,5A synthetase

dsRNA

(2',5')-phospho-
diesterase

ATP_\y 2,5A ATP + AMP
PP;

RNase L RNase L
(active)Gnactive)-

!
mRNA ———-—_——~- Nucleotides

mRNADegradation

Figure 30-49
In interferon treated cells, the presence of dsRNA, which
normally results fromaviral infection, causes (a) the
inhibition of translationalinitiation, and (b) the degradation of
mRNA,thereby blocking translation and preventing virus
replication.
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oligoadenylate synthetase. In the presence of
dsRNA, this enzyme catalyzes the synthesis from
ATPof the unusual oligonucleotide pppA(2’p5’A),
where n = 1 to 10. This compound, 2,5-A, activates a
preexisting endonuclease, RNase L, to degrade mRNA
thereby inhibiting protein synthesis. 2,5-A is itself rap-
idly degraded by an enzyme named (2’,5’)-phospho-
diesterase so that it must be continually synthesized
to maintain its effect.

The independence of the 2,5-A and the interferon-
induced protein kinase systems is demonstrated by the
observation that the effect of 2,5-A on protein synthesis
is reversed by added mRNAbutnot byeIF-2.

C. mRNA Masking

It has been knownsince the previous century that
early embryonic development in organisms such as sea
urchins is governed almost entirely by information
presentin the egg before fertilization. Indeed, sea urchin
embryos exposedto sufficient actinomycin D (Section
29-2D)to inhibit RNA synthesis without blocking DNA
synthesis develop normally through their early stages
without a change in their protein synthesis program.
This is because an unfertilized egg contains large quanti-
ties of mRNAthat ts “masked”by associated proteins so as
to preventits association with the ribosomesthatare also
present. Uponfertilization, this mRNA is somehow “un-
masked”in a controlled fashion and commences directing
protein synthesis. Developmentof the embryocanthere-
fore start immediately upon fertilization rather than
waiting for the generation of paternally specified
mRNAs.

The cytoplasms of many eukaryotic cells contain large
amounts of protein-complexed mRNAsthatare not as-
sociated with ribosomes.It remains to be seen, however,

whether mRNA maskingis used for translational con-
trol in nonembryonic tissues.

5. POST-TRANSLATIONAL

MODIFICIATION

To becomematureproteins, polypeptides mustfold to
their native conformations,their disulfide bonds,if any,
must form, and, in the case of multisubunit proteins, the
subunits must properly combine. Moreover, as we have
seen throughoutthis text, many proteins are modified in
enzymatic reactions that proteolytically cleave certain
peptide bonds and/or derivatize specific residues. In
this section we shall review someof these post-transla-
tional modifications.

A. Proteolytic Cleavage

Proteolytic cleavage is the most common type of
post-translational modification. Probably all mature

Chapter 30. Translation 935

proteins have been so-modified, if by nothing else than
the endoproteolytic removal of their leading Met (or
fMet)residueshortly after it emerges from the ribosome.
Manyproteins, which are involved in a widevariety of
biological processes, are synthesized as inactive precur-
sors that are activated under proper conditions by lim-
ited proteolysis. Some examples of this phenomenon
that we have encounteredare the conversionof trypsin-
ogen and chymotrypsinogen to their active forms by
tryptic cleavages of specific peptide bonds (Section
14-3E), and the formation of active insulin from the
84-residue proinsulin by excision of an internal 33-resi-
due polypeptide (Section 8-1A). Inactive proteins that
are activated by removalof polypeptidesare called pro-
proteins, whereas the excised polypeptides are termed
propeptides.

Propeptides Direct Collagen Assembly
Collagen biosynthesisis illustrative of many facets of

post-translational modification. Recall that collagen, a
major extracellular componentof connective tissue,is a
fibroustriple helical protein whose polypeptideslargely
consist of the repeating amino acid sequence (Gly-X-Y),
whereX is often Pro, Y is often 4-hydroxyproline (Hyp),
and n ~ 340 (Section 7-2C). The polypeptides of pro-
collagen (Fig. 30-50) differ from those of the mature
protein by the presence of both N- and C-terminalpro-
peptides of ~100 residues whose sequences, for the

 
Figure 30-50
An electron micrograph of procollagen aggregates that have
been secreted into the extracellular medium. [Courtesy of
Jerome Gross, Harvard Medical School.]

 



148

936 Section 30-5. Post-Translational Modification

Aminoprocollagen
peptidase

cleavage site

 

Carboxylprocollagen
peptidase

cleavage site

egCollagen molecule ——____——___» ~<— C-terminal —»

 
 
 

 
 
 PaulyM

Nontriple-
helical domain

Figure 30-51
A schematic representation of the procollagen molecule.
Gal, Gic, GlcNac, and Man,respectively, denote galactose,
glucose, N-acetylglucosamine, and mannose residues. Note
that the aminopropeptide has intrachain disulfide bonds

mostpart, are unlike those of maturecollagen. The pro-
collagen polypeptides rapidly assemble,in vitro as well
as in vivo, to form a collagen triple helix. In contrast,
polypeptides extracted from mature collagen will only
reassemble overa period of days,if at all. The collagen
propeptides are apparently necessaryfor properprocollagen
folding.

The N- and C-terminal propeptides of procollagen
are removed by amino- and carboxylprocollagen pep-
tidases (Fig. 30-51), which mayalso bespecific for the
different collagen types. An inherited defect of amino-
procollagen peptidase in cattle and sheep results in a
bizarre condition, dermatosparaxis, that is character-
ized by extremely fragile skin. An analogous diseasein
man, Ehler- Danlos syndromeVIL, is caused by a mu-
tation in one of the procollagen polypeptides that in-
hibits the enzymatic removal of its aminopropeptide.
Collagen molecules normally spontaneously aggregate
to form collagen fibrils (Figs. 7-33 and 7-34). However,
electron micrographs of dermatosparaxic skin show
sparse and disorganizedcollagenfibrils. The retention of
collagen’s aminopropeptides apparently interferes with
properfibril formation. (The dermatosparaxis gene was
bred into somecattle herds because heterozygotes pro-
duce tender meat.)

Signal Peptides Are Removed from Nascent
Proteins by a Signal Peptidase

Many trans-membraneproteins or proteins that are
destined to be secreted are synthesized with an N-termi-

(3000 A)

  
 

 
 
 

 

Triple helical
domain

propeptide
(4.00 A) Cc

(Man),
GlcNac

e = OH

 

Nontriple-
helical domain

while the carboxylpropeptide has both intrachain and
interchain disulfide bonds. [After Prockop, D. J., Kivirikko,
K. |., Tuderman, L., and Guzman, N. A., New Engl. J. Med.
301, 16 (1979).]

nal signal peptide of 13 to 36 predominantly hydro-
phobic residues. According to the signal hypothesis
(Section 11-3F), a signal peptide is recognized bya sig-
nal recognition particle (SRP). The SRP binds a ribo-
somesynthesizinga signal peptide to a receptor on the
membrane[the rough endoplasmic reticulum (RER) in
eukaryotes and the plasma membranein bacteria] and
conducts the signal peptide and the following nascent
polypeptide throughit.

Proteins bearing a signal peptide are knownaspre-
proteinsor, if they also contain propeptides, as prepro-
proteins. Oncethe signal peptide has passed through
the membrane,it is specifically cleaved from the nascent
polypeptide by a signal peptidase. Both insulin and
collagenare secreted proteins and are therefore synthe-
sized with leading signal peptides in the form of pre-
proinsulin and preprocollagen. These and many other
proteins are therefore subject to three sets of sequential
proteolytic cleavages: (1) the deletion of their initiating
Metresidue, (2) the removaloftheir signal peptides, and
(3) the excision of their propeptides.

Polyproteins
Someproteins are synthesized as segments of poly-

proteins, polypeptides that contain the sequences of
two or more proteins. Examples include most polypep-
tide hormones(Section 33-3C), the proteins synthesized
by manyviruses including those causing polio (Section
32-2C) and AIDS, and ubiquitin, a highly conserved
eukaryotic protein involved in protein degradation
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(Section 30-6B). Specific proteases post-translationally
cleave polyproteins to their componentproteins, pre-
sumably through the recognition of the cleavage site
sequences. Someof these proteases are conserved over
remarkable evolutionary distances. For instance, ubiq-
uitin is synthesized as several tandem repeates (poly-
ubiquitin) that E. coli properly cleave even though pro-
karyotes lack ubiquitin.

B. Covalent Modification

Proteins are subject to specific chemical derivatiza-
tions, both at the functional groupsof their side chains
and at their terminal amino and carboxyl groups. Over
150 different types of side chain modifications, involv-
ingall side chains but those of Ala, Gly,Ile, Leu, Met,
and Val, are known (Section 4-3A). These include ace-
tylations, glycosylations, hydroxylations, methylations,
nucleotidylylations, phosphorylations, and ADP-ribo-
sylations as well as numerous“miscellaneous” modifi-
cations.

Some protein modifications, such as the phosphoryl-
ation of glycogen phosphorylase (Section 17-1A) and
the ADP-ribosylation of eEF-2 (Section 30-3G), modu-
late protein activity. Several side chain modifications
convalently bond cofactors to enzymes, presumably to
increase their catalytic efficiency. Examples of linked
cofactors that we have encountered are N®-lipoyllysine
in dihydrolipoy] transacetylase (Section 19-2A) and 8a-
histidylflavin in succinate dehydrogenase (Section
19-3F). The attachment of complex carbohydrates,
which occur in almost infinite variety, alter the struc-
tural properties of proteins and form recognition
markersin various types of targeting andcell -— cell inter-
actions (Sections 10-3C, 11-3D, and 21-3B), Modifica-

 
Figure 30-52
A schematic representation of procollagen biosynthesis. The
diagram doesnotindicate the removalof signal peptides.
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tions that cross-link proteins, such asoccurin collagen
andelastin (Sections 7-2C and D), stabilize supramolec-
ular aggregates. The functions of most side chain modi-
fications, however, remain enigmatic.

Collagen Assembly Requires Chemical Modification
Collagen biosynthesis (Fig. 30-52) is illustrative of

protein maturation through chemical modification. As
the nascent procollagen polypeptides pass into the RER
of the fibroblasts that synthesized them,the Pro and Lys
residues are hydroxylated to Hyp, 3-hydroxy-Pro, and
5-hydroxy-Lys. The enzymes that do so are sequence
specific: prolyl 4-hydroxylase and lysyl hydroxylase
act only on the Y residues of the Gly-X-Y sequences,
whereas prolyl 3-hydroxylase acts on the X residues
but onlyif Y is Hyp. Glycosylation, whichalso occurs in
the RER, subsequently attaches sugar residues to 5-
hydroxy-Lys residues (Section 7-2C)..The folding of
three polypeptides into the collagen triple helix must
follow hydroxylation and glycosylation becausethe hy-
droxylases and glycosylases do not act on helical sub-
strates. Moreover, the collagen triple helix denatures
below physiological temperatures unless stabilized by
hydrogen bondinginteractions involving Hyp residues
(Section 7-2C). Folding is also preceded by the forma-
tion of specific interchain disulfide bonds between the
carboxylpropeptides. This observation bolsters the pre-
viously discussed conclusion that collagen propeptides
help select and align the three collagen polypeptides for
proper folding.

The procollagen molecules pass into the Golgi appa-’
ratus where they are packaged into secretory granules
(Sections 11-3F and 21-3B) andsecreted into the extra-
cellular spaces of connective tissue. The aminopropep-
tides are excised just after procollagen leavesthe cell and

Rough endoplasmic
reticulum

[After Prockop,D. J., Kivirikko, K. I., Tuderman, L., and
Guzman, N. A., New Engl. J. Med. 301, 18 (1979).]
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the carboxylpropeptides are removed sometimelater.
The collagen molecules then spontaneously assemble
into fibrils, which suggests that an important propeptide
function is to prevent intracellular fibril formation. Fi-
nally, after the action of the extracellular enzymelysyl
oxidase, the collagen moleculesin the fibrils spontane-
ously cross-link (Fig. 7-35).

6. PROTEIN DEGRADATION 

The pioneering work of Henry Borsook and Rudolf
Schoenheimeraround 1940 demonstrated that the com-

ponentsofliving cells are constantly turning over. Pro-
teins have lifetimes that range from as short as a few
minutes to weeks or more.In anycase, cells continuously
synthesize proteins from and degrade them to their compo-
nent amino acids. The function of this seemingly waste-
ful process is twofold: (1) to eliminate abnormalproteins
whose accumulation would be harmfulto the cell, and

(2) to permit the regulation of cellular metabolism by
eliminating superfluous enzymes and regulatory pro-
teins. Indeed, since the level of an enzyme depends on
its rate of degradation as well as its rate of synthesis,
controlling a protein’s rate of degradation is as importantto
the cellular economy as is controlling its rate of synthesis.
In this section we consider the processesof intracellular
protein degradation and their consequences.

A. Degradation Specificity

Cells selectively degrade abnormal proteins. For exam-
ple, hemoglobin that has been synthesized with the va-
line analog a-amino-f-chlorobutyrate

Cl CH CH
~ L 3 H3@_ or 3

CH CH
+ | + |

H,;N—CH— Coo H,N— CH— COO-

a-Amino- f -Chorobutyrate Valine

has a half-life in reticulocytes of ~ 10 min, whereas nor-
mal hemoglobinlasts the 120-daylifetimeof the redcell
(which makesit perhaps the longest lived cytoplasmic
protein). Likewise, unstable mutant hemoglobins are
degraded soon after their synthesis which, for reasons
explained in Section 9-3A,results in the hemolytic ane-
mia characteristic of these molecular disease agents.
Bacteria also selectively degrade abnormalproteins. For
instance, amber and ochre mutants of $-galactosidase
havehalf-lives in E. coli of only a few minutes, whereas
the wild-type enzymeis almostindefinitely stable. Most
abnormal proteins, however, probably arise from the
chemical modification and/or spontaneous denatura-
tion of these fragile molecules in the cell’s reactive envi-
ronmentrather than by mutations or the rare errors in
transcription or translation. The ability to eliminate dam-
aged proteins selectively is therefore an essential recycling

Table 30-10

Half-Lives of Some Rat Liver Enzymes

Enzyme Half-Life (h) 

Short-lived enzymes

Ornithine decarboxylase 0.2

RNApolymerase I 1.3

Tyrosine aminotransferase 2.0
Serine hydratase 4.0

PEP carboxylase 5.0

Long-lived enzymes

Aldolase 118

GAPDH 130

Cytochrome b 130
LDH 130

Cytochromec 150

Source: Dice, J. F. and Goldberg, A. L., Arch. Biochem. Biophys.
170, 214 (1975).

mechanism that prevents the buildup of substances that
would otherwise interfere with cellular processes.

Normalintracellular proteins are eliminated at rates
that depend ontheir identities. A given protein is elimi-
nated with first-order kinetics indicating that the mole-
cules being degraded are chosen at random rather than
according to their age. The half-lives of different en-
zymesin a given tissue vary substantially as is indicated
for rat liver in Table 30-10. Remarkably, the most rapidly
degraded enzymes all occupy important metabolic control
points, whereas the relatively stable enzymes have nearly
constantcatalytic activities under all physiological condi-
tions. The susceptibilities of enzymes to degradation have
evidently evolved together with their catalytic and allo-
steric properties so that cells can efficiently respond to envi-
ronmental changes and metabolic requirements. The cri-
teria through which native proteins are selected for
degradation are considered in Section 30-6B.

The rate of protein degradation in a cell also varies
with its nutritional and hormonalstate. Under condi-

tions of nutritional deprivation, cells increase their rate
of protein degradation so as to provide the necessary
nutrients for indispensible metabolic processes. The
mechanism that increases degradativeratesin E. coliis
the stringent response (Section 29-3F). A similar mecha-
nism may be operative in eukaryotes since, as happens
in E. colt, increased rates of degradation are prevented
by antibiotics that block protein synthesis.

B. Degradation Mechanisms

Eukaryotic cells have dual systems for protein degrada-
tion, a lysosomal mechanism and an ATP-dependent cyto-
solically based mechanism. We consider both mecha-
nisms below.
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Lysosomes Degrade Proteins Nonselectively
Lysosomes are membrane-encapsulated organelles

(Section 1-2A) that contain ~50 hydrolytic enzymes,
including a variety of proteases knownas cathepsins.
The lysosome maintains an internal pH of ~5 andits
enzymes haveacidic pH optima.Thissituation presum-
ably protects the cell against accidental lysosomalleak-
age since lysosomal enzymesare largely inactive at cy-
tosolic pH’s.

Lysosomesrecycle intracellular constituents by fusing
with membrane-enclosed bits of cytoplasm knownas
autophagic vacuoles and subsequently breaking down
their contents. They similarly degrade substances that
the cell takes up via endocytosis (Section 11-4B). The
existence of these processes has been demonstrated
through the use of lysosomal inhibitors. For example,
the antimalarial drug chloroquine

Cl Nx

A

NH~—aCH —_ CHa —CH,.—N (CpH5)o
CH,

Chloroquine

is a weak base that freely penetrates the lysosome in
uncharged form where it accumulates in charged form
thereby increasingthe intralysosomal pH andinhibiting
lysosomalfunction. The treatmentof cells with chloro-
quine reducestheir rate of protein degradation. Similar
effects arise from treatment ofcells with cathepsin in-
hibitors such as the polypeptide antibiotic antipain.

iI

enC=NHCHO—NHCHC—NECHGsg H|
Phe Arg Val Arg

Lysosomal protein degradation appears to be nonselective.
Lysosomalinhibitors do notaffect the rapid degradation
of abnormalproteins or short-lived enzymes. However,
they prevent the acceleration of protein breakdown
uponstarvation.

Many normal and pathological processes are asso-
ciated with increased lysosomalactivity. Diabetes mel-
litus (Section 25-3B) stimulates the lysosomal break-
downofproteins. Similarly, muscle wastage caused by
disuse, denervation, or traumatic injury arises from in-
creased lysosomalactivity. The regression of the uterus
after childbirth, in which this muscular organ reducesits
mass from 2 kg to 50 gin 9 days,is a striking example of
this process. Many chronic inflammatory diseases, such
as rheumatoid arthritis, involve the extracellular re-

lease of lysosomal enzymes which break downthesur-
roundingtissues.
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Ubiquitin MarksProteins Selected for Degradation
It wasinitially assumed that protein degradation in

eukaryotic cells is primarily a dysosomal process, Yet,
reticulocytes, whichlack lysosomes,selectively degrade
abnormalproteins. The observationthat protein break-
downis inhibited under anaerobic conditions led to the

discovery of a cytosolically based ATP-dependentpro-
teolytic system that is independent of the lysosomal
system. This phenomenon was thermodynamically un-
expected since peptide hydrolysis is an exergonic pro-
cess.

Analysis ofa cell-free rabbit reticulocyte system has
demonstrated that ubiquitin, a protein of previously
unknown function (Fig. 30-53), is required for ATP-
dependent protein degradation. This 76-residue mono-
meric protein, so-named becauseit is ubiquitous as well as
abundant in eukaryotes, is the most highly conserved pro-
tein known: It is identical in such diverse organisms as
humans, toad, trout, and Drosophila, and differs in only
three residues between humansand yeast. Evidently,
ubiquitin is all but uniquely suited for some essential
cellular process.

Proteins that are selected for degradation are so-marked
by covalently linking them to ubiquitin. This process,
which is reminiscent of aminoacid activation (Section
30-2C), occurs in three steps (Fig. 30-54):

1. In an ATP-requiring reaction, ubiquitin’s terminal
carboxyl groupis conjugated, via a thioester bond,to
ubiquitin-activating enzyme (E1), a 105-kD dimer
of identical subunits.

co

 
Figure 30-53
The X-ray structure of ubiquitin. The white ribbon represents
the polypeptide backbone and the red and blue curves,
respectively, indicate the directions of the carbonyl and
amide groups. [Courtesy of Michael Carson, University of
Alabamaat Birmingham. X-ray structure determined by
Charles Bugg.]
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Figure 30-54
The reactions involved in the attachment of ubiquitin to a
protein. In the first part of the process, ubiquitin’s terminal
carboxyl groupis joined, via a thioesterlinkage, to E1 ina
reaction driven by ATP hydrolysis. The activated ubiquitin is
subsequently transferred to a sulfhydryl group of E2 and
then, in a reaction catalyzed by E3, to a Lys e-amino group
on a condemnedprotein therebyflagging the protein for
proteolytic degradation by UCDEN.

2. The ubiquitin is then transferred to a sulfhydryl
group of one of several small proteins (25-70 kD)
named ubiquitin-carrier proteins (E2’s).

3. Finally, ubiquitin-protein ligase (E3; ~ 180 kD)
transfers the activated ubiquitin from E2 to a Lys
é-aminogroupof a previously boundprotein thereby
forming an isopeptide bond. E3 therefore appears to
have a keyrole in selecting the protein to be de-
graded. Usually, several ubiquitin moleculesare so-
linked to this condemnedprotein. In addition, as
many as 20 ubiquitin molecules may be tandemly
linked to a target protein to form a multiubiquitin
chain in which Lys 48 of each ubiquitin forms an
isopeptide bond with the C-terminal carboxyl group
of the following ubiquitin.

The ubiquitinated protein is proteolytically degraded in an
ATP-dependent process mediated by a large (=1000 kD)
but otherwise poorly characterized multiprotein com-
plex named ubiquitin-conjugate degrading enzyme
(UCDEN).Thisprotease only degrades ubiquitin-linked
proteins.

Table 30-11

The Half-Lives of Cytoplasmic Enzymesas a Function of
Their N-Terminal Residues

N-Terminal
Residue Half-Life

Stabilizing

Met >20h

Ala

Thr

Val

Gly

Destabilizing

lle ~30 min

Glu

Tyr ~10 min
Gin

Highly destabilizing

Phe ~3 min

Leu

Asp

Lys

Arg ~2 min 

Source: Bachmair, A., Finley, D., and Varshavsky, A., Science
234, 180 (1986).

A Protein’s Half-Life Is Partially
Determined by Its N-Terminal
Residue

Thestructural features that E3 usesto select at least

native proteins for destruction may be remarkably sim-
ple. The half-life of a cytoplasmic protein varies with the
identity of its N-terminal residue (Table 30-11). Indeed, in
aselection of 208 cytoplasmic proteins knowntobe long
lived, all have a “stabilizing” residue, Met, Ser, Ala, Thr,
Val, Gly, or Cys, at their N-termini. This is true for both
eukaryotes and prokaryotes, which suggests the system
that selects proteins for degradation is conserved in eu-
karyotes and prokaryotes, even though prokaryoteslack
ubiquitin. Nevertheless, there are clear indications that
other, more complex signals are also important in the
selection of proteins for degradation. For instance, pro-
teins with segments rich in Pro (P), Glu (E), Ser (S), and
Thr (T) residues are rapidly degraded although how
these so-called PEST proteins are recognized is un-
known.Likewise, the criteria by whichcells select de-
fective proteins for degradation are unknown.
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7. NONRIBOSOMAL

POLYPEPTIDE SYNTHESIS 

Several hundred polypeptide antibiotics, such as ac-
tinomycin D (Section 29-2D) and gramicidin A (Section
18-2C), have been characterized. These often cyclic
moleculesconsist of rarely more than 20, often unusual,
amino acid residues. Many polypeptide antibiotics are
synthesized by soluble enzymes rather than ribosomally
from mRNAtemplates. The synthesis of these substances
is, consequently, unaffected by ribosomal inhibitors
such as chloramphenicol (Section 30-3G) that arrest
protein synthesis. In this section, we consider the mech-
anism of biosynthesis of the channel-forming iono-
phore gramicidin S, which is representative of the syn-
thesis of many other polypeptide antibiotics.

Gramicidin S, a product of Bacillus brevis, is a cyclic
decapeptide that consists of two identical pentapeptides
joined headto tail (Fig. 30-55). Fritz Lipmann demon-
strated that this antibiotic is synthesized by two en-
zymes, E,; (280 kD) and Ey (100 kD) that activate the
aminoacids indicated in Fig. 30-56. Each of the amino
acids of gramicidin S is activated by the ATP-driven
linkage of the amino acid via a thioester bond to its
corresponding enzyme. Ey; binds only a p-Pheresidue,
whereasE, simultaneously binds the other four gramici-
din S residues.

The polymerization process begins when E, transfers
its D-Phe residue to the E,-bound Pro residue to form a
dipeptide (Fig. 30-57a). The growing oligopeptide is
then sequentially transferred to the remaining amino
acid residues of the pentapeptide (Fig. 30-57b). The ab-
sence of any aminoacid from the in vitro reaction mix-
ture results in premature termination of the reaction at

 
Figure 30-55
The amino acid sequence of gramicidin S. The amino acids
activated by E, and E,, are shaded red and green. Dashed
arrowsindicate the points of cyclization. [After Lipmann,F..,
Acc. Chem. Res. 11, 363 (1971).]
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Figure 30-56
The activation of amino acids by the enzymesthat
synthesize gramicidin S. In the first step of the reaction an
enzyme bound aminoacyl-adenylate is formedasit is in the
aminoacyl-tRNA synthetase reaction (Section 30-2C). In the
second reaction step, however, the amino acid residueis
linked to the enzymevia a thioester bond rather than to a
tRNA.
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; i
Figure 30-57
The biosynthesis of gramicidin S. (a) Theinitial transfer of
Pheto an E,-linked Pro residue to form a peptide bond.(6)
The elongation (fop) and cyclization (bottom) reactions on E,
(here the arrowsindicate group transfer, not electron
transfer). [After Lipmann,F., Science 173, 878 (1971).]
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that point. Note that chain elongation proceeds towards
the C-terminusasit does in ribosomal polypeptide syn-
thesis. The final enzyme-linked pentapeptide reacts in a
head-to-tail fashion with a second such assembly to
form the decapeptide product(Fig. 30-55).

The resemblance of the above reaction sequence to
that of fatty acid synthesis led Lipmannto proposethat
phosphopantetheine is a cofactor in polypeptide syn-
thesis asit is in acyl carrier protein (Section 23-4A). In
fact, E; contains a single Ser-linked phosphopante-
theine.

c=0 oH
| S77 | :

HC-—CH, P°© CH, CH NH CH, NH CH:
aaoO L C CH, C CH

NH Hc}, | i .| 20 CH ©
btn --- 20,15A mo

 

 
Figure 30-58
The proposed schemefor the participation of the
pantetheine residue (biue) in the biosynthesis of gramicidin
S. The circular arrows indicate the movement of the

pantetheine in collecting the amino acid residues that are
linked to the enzyme via Cys thioester bonds. The
transpeptidation and transthiolation reactions alternate to
synthesize the pentapeptide. [After Lipmann, F., Acc. Chem.
Res. 6, 366 (1973).]

This 20-A longresidue is thought to sequentially collect
the enxyme-linked amino acids on the growing oligo-
peptide through alternating transpeptidation and
transthiolation reactions (Fig. 30-58). Transthiolation in
polypeptide synthesis is therefore analogousto translo-
cation in ribosomal chain elongation (Section 30-3D).
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Point mutations are caused by either base analogs that mis-
pair during DNAreplication or by substances that react with
bases to form products that mispair. Insertion/deletion
(frameshift) mutationsarise from the association of DNA with
intercalating agents that distort the DNAstructure. The analy-
sis of a series of frameshift mutations that supressed one an-
other established that the genetic code is an unpunctuated
triplet code, Fine structure genetic mapping combined with
amino acid sequence analyses demonstrated that genes are
colinear with the polypeptides they specify.In a cell-free pro-
tein synthesizing system, poly(U) directs the synthesis of
poly(Phe) thereby demonstrating that UUUis the codon speci-
fying Phe. The genetic code wasestablished through the use of
polynucleotides of known composition but random sequence,
the ability of definedtriplets to promote the ribosomal binding
of tRNAsbearing specific amino acids, and through the use of
synthetic mRNAsof knownalternating sequences. The latter
investigations also demonstrated that the 5’ end of mRNA
correspondsto the N-terminus of the polypeptideit specifies
andestablished the sequencesof the stop codons. Degenerate
codonsdiffer mostly in the identities of their third base. Small
single-stranded DNA phages such as 6X174 contain overlap-
ping genesin different reading frames. The genetic code used
by mitochondria differs in several respects from the “stan-
dard”genetic code.

Transfer RNAsconsist of 60 to 95 nucleotides that can be

arranged in the cloverleaf secondary structure. As many as
10%of a tRNA’s bases may be modified,Yeast tRNA’? forms
a narrow L-shaped three-dimensionalstructure that resem-
bles that of other tRNAs. Most of the bases are involved in

stacking and basepairing associations including ninetertiary
interactions that appear to be essential for maintaining the
molecule’s native conformation. Aminoacids are appended to
their cognate tRNAsin a two-stage reaction catalyzed by the
corresponding aminoacyl-tRNA synthetase. The great accu-
racy of tRNA charging arises from the proofreading of the
bound amino acid by aminoacyl-tRNA synthetase at the ex-
pense of ATP hydrolysis. Ribosomesselect tRNAssolely on
the basis of their anticodons. Sets of degenerate codons are
read by a single tRNA through wobble pairing. Nonsense mu-
tations may be suppressed by tRNAs whose anticodons have
mutated to recognize a Stop codon.

The ribosomeconsists of a small and a large subunit whose
complex shapes have been revealed by electron microscopy.
The three RNAs and 52 proteins comprising the E. coli ribo-
someself-assemble under proper conditions. The positions of
many ribosomal componentsrelative to the subunit surfaces
havebeenlargely determined by immuneelectron microscopy
and neutron diffraction measurements. Affinity labeling ex-
periments have identified the ribosomal components in the
vicinity of various ribosomal binding sites and catalytic
centers. Ribosomal polypeptide synthesis proceeds by the ad-
dition of amino acid residues to the C-terminal end of the

nascent polypeptide. The mRNAsare read in the 5’ — 3’ di-
rection. mRNAsare usually simultaneously translated by sev-
eral ribosomesin the form of polysomes. The ribosomehasat
least three tRNA-binding sites: the P site, which binds the
peptidyl-tRNA,the A site, which binds the incoming amino-
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acyl-tRNA,and the E site, which transiently binds the outgo-
ing tRNA.During polypeptide synthesis, the nascent polypep-
tide is transferred to the aminoacyl-tRNAthereby lengthening
the nascent polypeptide by oneresidue. The discharged tRNA
is then released and the new peptidyl-tRNA, with its asso-
ciated codon,is translocated to the P site. In prokaryotes, the
initiation sites on mRNAare recognized through their Shine-
Dalgarno sequencesandbytheir initiating codon. Prokaryotic
initiating codons specify fMet-tRNAM*. Initiation is a com-
plex process involving the participation of three initiation fac-
tors that induce the assembly of the ribosomal subunits with
mRNA and fMet-tRNAM*. The eukaryotic initiation site is
usually the first AUG downstream from the 5’-terminal cap
and this AUG specifies unformylated Met-tRNAM*. Polypep-
tides are elongated in a three-part cycle, aminoacyl-tRNA
binding, transpeptidation, and translocation, that requires the
participation of elongation factors andis vectorially driven by
GTP hydrolysis. Termination codonsbind release factors that
induce the peptidyl transferase to hydrolyze the peptidyl-
tRNAbond.Thehigh accuracyoftranslation indicatesthat the
ribosome proofreads the codon-anticodoninteraction, most
probably via a kinetic mechanism. Ribosomalinhibitors, many
of which are antibiotics, are medically important and bio-
chemically useful in elucidating ribosomal function. Strepto-
mycin causes mRNA misreading and inhibits prokaryotic
chain initiation, chloramphenicol inhibits prokaryotic pepti-
dyl transferase, tetracycline inhibits aminoacyl-tRNAbinding
to the prokaryotic small subunit, and diphtheria toxin ADP-
ribosylates eEF-2.

Several mechanismsof translational control have been elu-

cidated in eukaryotes. Hemoglobin synthesisin reticulocytes
is inhibited in the absence of heme by heme-controlled inhibi-
tor. This enzyme catalyzes the phosphorylation of elF-2,
which then tightly binds eIF-2B, thereby blocking transla-
tional initiation. In the presence of dsRNA,cells treated with
interferon are translationally inhibited. This happens through
two independent mechanisms:the induction of a protein ki-
nase that phosphorylates elF-2, and the induction of 2,5-A
synthetase whose product 2,5-A, activates an endonuclease
that degrades mRNA.Translation is also inhibited by mRNA
masking, at least in certain embryos.

Proteins maybe post-translationally modified in a variety of
ways. Protelytic cleavages, usually by specific peptidases, ac-
tivate proproteins. The signal peptides of preproteinsare re-
moved by signal peptidases. Covalent modifications alter
many typesof side chains in a variety of ways that modulate
the catalytic activities of enzymes, provide recognition
markers, and stabilize protein structures.

Proteins in living cells are continually turning over. This
controls the level of regulatory enzymes and disposes of ab-
normal proteins that would otherwise interfere with cellular
processes. Proteins are degraded by lysosomesin a nonspecific -
process thatis stimulated during starvation, as well as by var-
ious pathological and normal states. A cytosolically based
ATP-dependent system degrades normalas well as abnormal
proteins in a process that flags these proteins by the covalent
attachmentof ubiquitin.

The biosynthesis of gramicidin S, which is representative of
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the synthesis of many other polypeptide antibiotics, is me-
diated by soluble enzymes rather than by ribosomes. The
proper aminoacidsare linked as thioesters to E, and Ey in
reactions driven by ATP hydrolysis. Chain elongation occurs
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Problems

1.

*3.
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Whatis the product of reacting guanine with nitrous
acid? Is the reaction mutagenic? Explain.

. Whatis the polypeptide specified by the following DNA
antisense strand? Assumetranslationstarts after thefirst
initiation codon.

5’-TCTGACTATTGAGCTCTCTGGCACATAGCA-3’

Thefingerprintof a protein from a phenotypically rever-
tant mutant of bacteriophage T4 indicates the presence
of an altered tryptic peptide with respect to the wild-
type. The wild-type and mutant peptides have the fol-
lowing sequences:

Wild-type
Mutant

Cys-Glu-Asp-His-Val-Pro-Gln-Tyr-Arg

Cys-Glu-Thr-Met-Ser-His-Ser- Tyr- Arg

Indicate how the mutant could havearisen and give the
base sequences,as far as possible, of the mRNAsspecify-
ing the two peptides. Commenton the function of the
peptide in the protein.

. Explain whythe variousclasses of mutations can reverse
a mutation of the sameclass but not a differentclass.

. Which aminoacids are specified by codons that can be
changed to an amber codonbya single point mutation?

. The mRNAspecifying the a chain ofhuman hemoglobin
contains the base sequence

» + -UCCAAAUACCGUUAAGCUGGA: +:

The C-terminal tetrapeptide of the normal @ chain,
whichis specified by part of this sequence, is

-Ser-Lys-Tyr-Arg

In hemoglobin Constant Spring, the corresponding re-
gion of the @ chain has the sequence

-Ser-Lys-Tyr-Arg-Gln-Ala-Gly- + + -

Specify the mutation that causes hemoglobin Constant
Spring.

. Explain why a minimum of 32 tRNAsare required to
translate the “standard” genetic code?

8. Draw the wobble pairings not in Fig. 30-212.

9. A colleague of yours claims that by exposing E. coli to

*10.

HNO,she has mutated a tRNA®to an amber suppres-
sor. Do you believe this claim? Explain.

Deducethe anticodon sequencesof all suppressorslisted
in Table 30-5 except UGA-1 andindicate the mutations
that caused them.
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11.

12.

13.

14,

15.

16.

17.

*18.

19.

20.

21,

How many different types of macromolecules must be
minimally contained in a cell-free protein synthesizing
system from E.coli ? Count each type of ribosomal com-
ponentas a different macromolecule.

Why do oligonucleotides containing Shine~ Dalgarno
sequencesinhibit translation in prokaryotes? Why don’t
they do so in eukaryotes? ,

Why does m’GTPinhibit translation in eukaryotes? Why
doesn’t it do so in prokaryotes?

What would be the distribution of radioactivity in the
completed hemoglobin chains upon exposing reticulo-
cytes to 9H-labeledleucine for a short time followed by a
chase with unlabeled leucine?

Design an mRNAwith the necessary prokaryotic control
sites that codes for the octapeptide Lys-Pro-Ala-Gly-
Thr-Glu-Asn-Ser.

Indicate the translational control sites in and the amino

acid sequence specified by the following prokaryotic
mRNA.

5’-CUGAUAAGGAUUUAAAULUAUGUGUCAAUCA-
CGAAUGCUAAUCGAGGCUCCAUAAUAACACUU-

CGAC-3’

Whatis the energetic cost, in ATPs,for the E. coli synthe-
sis of a polypeptide chain of 100 residuesstarting from
amino acids and mRNA? Assumethat no losses are in-

curred as a result of proofreading.

It has been suggested that Gly-tRNA synthetase does not
require an editing mechanism. Why?

Anantibiotic named fixmycin, which wasisolated from a
fungus growing on ripe passion fruit, is effective in cur-
ing many types of veneraldisease. In characterizing fix-
mycin’s modeof action, you have foundthatit is a bacte-
rial translational inhibitor that binds exclusively to the
large subunit ofE. coli ribosomes. Theinitiation of pro-
tein synthesis in the presence of fixmycin results in the
generation of dipeptides that remain associated with the
ribosome. Suggest a mechanism of fixmycin action.

Hemeinhibits protein degradation in reticulocytes by al-
losterically regulating ubiquitin-activating enzyme.
Whatphysiological function mightthis serve?

GenbuxInc., a genetic engineering firm, has cloned the
gene encoding an industrially valuable enzymeinto E.
coli such that the enzymeis producedin large quantities.
However,since the firm wishes to produce the enzymein

‘ ton quantities, the expense of isolating it would be
greatly reducedif the bacterium could be madeto secrete
it. As a high priced consultant, what general advice
would you offer to solve this problem?


