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PREFACE

It is now three years since we wrote that “lung cancer is the leading cause of cancer-related deaths in North America and Europe, and its incidence is rising
elsewhere,” ensuring an increasing number of lung cancer deaths worldwide. Unfortunately, we can substitute “remains the leading cause” for “is the leading cause.”
In 1997 alone, 178,100 new lung cancer patients were diagnosed in the United States. Lung cancer is rising at an exponential rate in women and in under-served
populations. Children and young adults continue to smoke in alarming proportions. That's the bad news.

The encouraging news is that lung cancer and tobacco abuse are getting the attention necessary to actually open pocket books for related clinical and benchwork
research. Advocacy groups for lung cancer, virtually unheard of in 1996, are taking a more proactive stance in the education of patients, families, and primary care
physicians. An unprecedented resurgence in early detection, screening, and lung cancer prevention is gaining momentum, which could eventually translate into stage
migration. New imaging techniques are being validated for increased sensitivity that may even change surgical staging practices. Aggressive multimodality therapy is
moving into clinical trials for patients with earlier stages. Even the staging system (biologic staging) is different! Scientists are beginning to lay out an evolutionary
molecular model of airway carcinogenesis. This model may predict or describe either the earliest event that could signal the development of lung cancer, or the event
in the spectrum that is the latest, but reversible, so that it would be possible to indicate who will move on to neoplasia.

The task for all of us involved in the management of lung cancer is to look critically at past, present, and novel therapies for lung cancer. After this survey, we must
assess the reasons for their failure, and study new therapies in ways that will delivers answers, hopefully at an unprecedented pace.

This, the second edition of Lung Cancer: Principles and Practice, retains the specifications that were made for its predecessor. It contains contributions from clinicians
in all relevant disciplines=msurgery, radiation oncology, medical oncology, pathology, and pulmonology. Also, it includes contributions from basic scientists working in
the field. We have attempted to blend clinical reality with benchwork dreams in a manner that assumed nothing regarding the reader's basic knowledge of lung
cancer. Additionally, we have retained a similar format, starting with the biology of the disease. This concept extends to the clinical disciplines, with discussions of
basic principles regarding surgery, radiotherapy, and chemotherapy. After the groundwork is laid, indepth discussions of innovative or aggressive treatments are
outlined by authors who offer original detailed descriptions. This book alludes to the advantages, limits, and results of a multidisciplinary approach throughout, while
making a concerted effort to unite concepts regarding this disease, such that the reader is armed with a greater understanding of the natural history, biology, and
treatment options for lung cancer.

This second edition is meant to serve as a comprehensive reference for any individual interested in lung cancer; one that would appeal to scientists with very basic
information of lung cancer, clinicians, and serve to broaden the knowledge base of medical students, primary care physicians, and cancer specialists.

Although the format may look similar, this edition has changed in accordance with the changes that occurred in the world of lung cancer. The book is bigger, and this
reflects the increasing fund of clinical and benchwork knowledge that occurred since 1996. Newer aspects of the molecular genetics and biology of lung cancer are
found in contributions concerning FHIT, telomerase, and erbB-2, as well as the intricacies of the cell cycle and angiogenesis. Lung cancer immunology and gene
therapy are completely updated, and the newest elements of genetic susceptibility are included as a separate chapter. Technical changes, even in processing
material for molecular evaluation are discussed, as is the use of these techniques in defining preneoplasia at the chromosomal$PI$shgenetic level. Obviously, this
requires that both biologic staging and morphologic/pathologic staging be discussed separately. There is a greater emphasis on screening and prevention for early
disease, as well as the management of the elderly with lung cancer. The explosion of new cytotoxic agents for lung cancer and their interaction with radiation therapy
is given a prominent role in this edition. Palliation is discussed again as a separate section, but a new discussion of cost-effectiveness of lung-cancer therapies
reminds us of the economic realities of this problem.

The editors cannot emphasize enough the attention to detail and the cooperation shown by the contributing authors. All are experts who have made contributions to
the study of lung cancer and the care of the lung cancer patient.

The editors would also like to express their gratitude to Lippincott Williams & Wilkins, specifically Stuart Freeman, who was always supportive of this effort, and Tanya
Lazar, whose skillful coordination between contributors, editors, and Lippincott kept the project moving without incident.

Lung Cancer: Principles and Practice is intended to provide both the practitioner and the trainee with a reference source that will be useful in those moments of
frustration in dealing with this disease. The editors' most profound wish is that the material presented will stimulate other investigators to join in the fight against lung
cancer, so that future editions will describe therapies that will move the survival curves upward and towards the right.

Harvey I. Pass, MD
James B. Mitchell, PhD
David H. Johnson, MD
Andrew T. Turrisi, MD
John D. Minna, MD
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Molecular biology has assumed a preeminent role in biomedical research. The rapid ascension of molecular biology has occurred because it provides a solid
framework for explaining and extending biological phenomena that were previously only observable. Certainly there continues to be a descriptive approach to biology,
but more and more these descriptions are fashioned in molecular terms. Furthermore, molecular biology extends into so many fields of study because the methods
employed are relatively straightforward, easily learned, and rapidly applied. Upon opening any biological or medical journal one quickly sees that molecular biology
methods are being applied to all biological sciences. Minuscule quantities of potentially short-lived biomaterials can be amplified, isolated, studied, and subsequently
perturbed and reevaluated. Within this chapter we emphasize the molecular biology of gene regulation and expression because we fundamentally believe that lung
cancer occurs as a result of deregulation of normal gene expression. We also provide a compendium that defines and explains frequently used terms and illustrates
the common methods employed by those who apply molecular biology to the study of lung cancer.

DNA STRUCTURE

Cellular function and structure are predetermined by the genetic profile of the cell. Although viruses are capable of archiving genetic information as ribonucleic acid
(RNA), single-stranded (ss) deoxyribonucleic acid (DNA), or double-stranded (ds) DNA, prokaryotic (nonnucleated) and eukaryotic (nucleated) cells store genetic
information within dsDNA.* Upon isolation and purification of DNA, one finds that it is formed from two purine nucleotides, adenine (A) and guanine (G), and two

the individual single strand inclines approximately at a right angle to the axis of the deoxyribose backbone. As the nucleotides project toward one another and wind
about the axis of the backbone, they overlap to greater or lesser degrees, and as such there is an additional stability to the structure that results from Van der Waal's
stacking forces. Approximately ten nucleotides form each 360-degree turn of the biopolymer. The hydrophilic phospho-sugars within the backbone establish major
contact with the water environment of the cell, and the pendent nucleotides bind the two chains together and create a more hydrophobic interior. The macromolecular
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FIGURE 1.1. The four nucleotides that form DNA. Note the formal nomenclature for the deoxynucleotides. In common usage these are referred to as adenosine,
guanosine, thymidine, and cytidine. These nucleotides are composed of nucleoside bases and deoxyribose sugars.
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FIGURE 1.2. The nucleotides are shown to demonstrate the hydrogen bonding between nucleotides. Note that adenine and thymine share two hydrogen bonds,
whereas guanine and cytosine share three hydrogen bonds.
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FIGURE 1.3. Double-stranded DNA is presented in its double helical form. The horizontal lines represent hydrogen bonding between the nucleotides within each
single-stranded DNA molecule. The major and minor grooves of the helix are depicted with arrows.

One might assume that the double helix is a monotonous set of deoxyribonucleotides winding about a central axis, and the information stored within this string of
nucleotidyl bases is but a simple alphabetic display which can be represented by a long piece of thin tape having an extensive display of doublets of As and Ts or Gs
and Cs. This is not the case. The helix is conformationally flexible or polymorphic as a result of the local nucleotide sequences. The actual twist and bend of the
helical structure may change as a function, for instance, of the A to T ratio. A homopolymer of A/T has a twist of approximately 36 degrees per base step or ten bases
per turn of the helix, that is, the helix is overwound relative to an average of 34 degrees per base found in random-sequence DNA. ¢ Moreover, if one considers the
actual nucleotide sequence, for instance A:T pairs that are binding from the individual ssDNA through two hydrogen bonds, then there is, When compared to G C pairs

....................................

at a frequency corresponding to the heI|caI periodicity, that is, approximately every ten bases, it becomes even more apparent that IocaI structure can function to exert
bending forces on the helical structure.’ The nucleotide sequences can and do influence the depth and width of the major or minor grooves, and the depth and width
of the grooves may determine if or how effectively a protein binds DNA. Therefore a DNA-binding protein may not recognize just a linear sequence of bases, but local
environment as well. This means that not only do nucleotides code for specific amino acids, but also that the sequence of nucleotides encodes local topological
information that may have profound implications on DNA-protein interactions or intracellular conduction of transduced signals or may simply the ease by which DNA
unwinds, which in itself may affect recombination or replication or transcription.
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FIGURE 1.4. In (A) the nucleotide bases within DNA are represented schematically as two parallel bases. In (B) the bases are slightly twisted and consequently they
are no longer parallel.

The double-helical DNA contains all the cell's genetic information, that is the genome. A bacterium's genome is composed of one linear dsDNA structure
(chromosome) and is measured in the millions of nucleotides; whereas eukaryotic genomic dsDNA is composed, for the most part, of many individual chromosomes,
each composed of 10 to greater than 102 nucleotides. In bacteria there are no DNA-binding histone complexes. The DNA is not compacted it is spread generally
throughout the central aspect of the cell in a structure which contains no nuclear membrane and is referred to as a nucleoid shape. & In contrast, eukaryotlc
chromosomal DNA is within a nuclear envelope and, for the most part, is highly compacted around histone protein complexes that are further compressed. ° A
consequence of this fundamental difference in storage of information is that bacteria are more readily able to access DNA either to duplicate or to decode genetic
information than are eukaryotes. The genome of a eukaryotic cell can therefore be viewed as an encrypted genetic archive made of sequences of linear arrayed
nucleotides existing in a double helix, and the helix is further structured by virtue of bends and torsions and by winding around histone core protein complexes that are
capable of assuming yet higher organizational structures.

TRANSCRIPTION

for gene transcription are streamlined. The nucleotide sequence coding for a specific gene product (a polypeptrde or RNA) is composed of a promoter region followed
immediately by a gene. In some cases the gene is transcribed as a single unit of RNA. In other cases the promoter is followed by a sequence that results in
transcription of multiple, juxtaposed, metabolically related genes. ** The gene(s) in the DNA is transcribed into an exact complementary S|ngle strand of RNA that is

(codons) of the mMRNA sequences? are translated by aligning with a triplet nucIeotrde structure (anticodon) within an amino aC|d carrier molecule, transfer RNA
(tRNA), which is positioned in the ribosomal structure. Rapidly thereafter the amino acid charged tRNA transfers its specific amino acid to a growing polypeptide
chain. Each successive codon is translated by positioning another tRNA, until the stop codon is reached, whereupon the process of translating RNA into protein is
completed. In the bacteria translation begins while the mRNA is being synthesized. %2 In fact, the amino terminal portion of a protein—that which corresponds to the 5'
segment of the gene—is frequently being synthesized while the 3' segment of the gene is being transcribed. For bacteria, speed of gene expression is facilitated by



such an efficient means of protein synthesis.
Prokaryote Transcription

In bacteria, a rather simple promoter sequence is the DNA determinant for the site of initiation of gene expression. The promoter is always in front (5') of the gene. It
.5). Usually
directly upstream of the TATA-box is the region where proteins can bind to DNA to either repress or stimulate synthesis. =22 Transcription begins when an open
TATA-box or promoter element is recognized by one of a set of alternative protein transcriptional factors, s, that binds to a multi-subunit RNA polymerase core

enzyme (E)—composed of bb'a,—to form the transcriptional complex holoenzyme (Es).%° The structure of bb'a, is triangular, with bb' forming the two sides and a, the

DNA and has the capability of synthesizing long pieces of RNA from nicked DNA or single-stranded DNA. When a s factor binds to the core enzyme it effects a
conformational change in E.# With this conformational change, Es no longer binds DNA nonspecifically but rather recognizes specific promoter sites and initiates
transcription from the start site, that is, s changes E to an initiation-specific RNA polymerase. The s-factor appears more than just to change the conformation of the
core enzyme in order to allow it to bind the —10 TATA-box site, it also allows the holoenzyme to interact with the DNA approximately two turns more 3' or 5' to the —10
site, that is, in the vicinity of —35 relative to the initiation origin. Once Es binds to the promoter region at the TATA-box, the closed complex is formed in which the RNA
polymerase is bound to the DNA, but the DNA has not started to unwind. Since hydroxyl radicals are highly reactive species that will damage any exposed DNA, they
have been used to demonstrate that in the closed-complex state, RNA polymerase protein complex protects the DNA from hydroxyl radical-induced base damage on

one side of the helix by virtue of partially enwrapping the DNA. In the open complex it appears as if the DNA is completely enwrapped and both sides of it are

with the corresponding coding strand of DNA and to start synthesis of a complementary nucleotide polymer in an RNA format; that is, transcription begins. When the
RNA polymerase complex proceeds past the initiation site—approximately ten nucleotides beyond the start site—the s detaches from the core enzyme structure, and
elongation of RNA commences and continues until, and beyond, the gene or operon terminus, whereupon E dissociates from the DNA, and the mRNA continues to be

Most recently, another aspect of s concentration regulation has been found in which anti-s-factors bind specifically to specific s-factors to regulate the available

concentration of s-factors available to initiate transcription. “° In bacteria, once the mRNA is synthesized, its lifetime is measured in minutes, usually being degraded

immediately after being translated. This is not necessarily the case for eukaryotic mRNA.
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FIGURE 1.5. Contrast the construction of a bacterial gene containing three tandem genes with that of a mammalian gene which has an initiation element (INR),
exons, and intervening introns.

It should be recognized that a bacterium is a single-cell organism that sustains itself, for the most part, by multiplying at a faster rate than its competitors. Therefore,
rapid doubling times demand ready access to the DNA for duplication and transcription. Regulation of transcription is essentially minimalistic, with on and off switches
being controlled by accessibility to the promoter by the transcriptional complex containing RNA polymerase. Models of prokaryotic transcription envision the RNA
polymerase complex being bound to dispersed DNA awaiting a signal to permit synthesis. Gram-negative E. coli's cytoplasm is surrounded by an envelope composed
of two membranes having an intermediate zone called the periplasmic space. The bacterium must therefore direct proteins to the cytoplasm, the inner or outer
membrane, and the periplasmic space and react to its environment by quickly transducing messages directly to the DNA. Consequently, bacteria have trafficking
signals (amino acid sequences that direct a protein to a specific site) and have specific pores for entry of substrates that will be metabolized by or interact with
macromolecules. The bacterium must utilize nutrients efficiently and therefore be able to activate quickly a set of proteins that metabolize a specific substrate (gene
arrangement in an operon facilitates such an existence) and subsequently suppress the synthesis of unnecessary proteins. It is the rule that repressed on/off
promoters remain so until they are needed or until s-factors are produced or activated as a result of adaptive stress. The entire life process in molecular biologic terms
is efficiently fast because life depends on the ability to take advantage of the environment by multiplying and thereby replicating and producing proteins and other
needed metabolic products faster than competing rivals.

Eukaryote Transcription

Although eukaryotes have comparable macromolecular structure to the bacterium, the higher eukaryotic cells for the most part are much more elaborate than bacteria
by virtue of cellular structure and function. In eukaryotic cells, rapid multiplication is not usually the life-sustaining issue; controlled growth in concert with other cells is
paramount. Deviation from concerted growth patterns results in unfavorable consequences. Stated differently, loss of regulatory control of any cell within a
multicellular organism may have untoward effects, such as death of the cell or worse, and more threatening to the entire organism is development of cancer and
subsequent death of the entire organism. Consequently, a universal theme in the molecular biology of higher eukaryotic cells is regulation that depends upon skillfully
arranging elaborate networks to modulate an individual cellular function.

Chromatin Structure

For mammalian cells the important cellular function of transcribing information from DNA becomes much more complex than that described for prokaryotes. In fact, the
entire genome is larger and more elaborate and more regulatory controls are manifest in both the DNA interacting proteins as well as, or maybe because of, the DNA
structure itself. As noted above, the bacterial genome is, for the most part, set for rapid access and utility; whereas the mammalian genome, for the most part, is
compacted into defined structures that may be bound to the nuclear membrane and other intranuclear matrix filamentous structure. Before a sequence of DNA (gene)

can be transcribed, it must be exposed. The chromatin structure of eukaryotic cells is composed of a basic structure, the nucleosome. ** Core nucleosomes contain

central tetramer composed of two H3 and two H4 histones in continuity on each side with two heterodimers of histone H2A and H2B. This fundamental nucleosomal
structure has a 7-nm diameter and when viewed by electron microscopy has the appearance of beads that are linked to one another by threads of nonnucleosomal
DNA. In higher eukaryotic cells the core nucleosomes can then associate with H1 histone, which can then result in a more elaborate compacted display in which the
individual nucleosomes are wound together in a structure that results in further compression of the chromatin into a 30 nm structure. The 30 nm fibers can then be
further organized into a more compact structure by interacting with nonhistone proteins to result in a highly compressed genome. 242
from the nucleosomal structure, there would be limited access to an embedded mammalian gene within the highly compressed chromatin structure. Even in the state
where the chromatin has been decompressed to the individual nucleosomal complex, the face of the DNA that is in contact with the internal histone octamer is not
accessible to activator proteins. Stated differently, proteins that do interact with the nucleosomal DNA must do so by interacting with only the outer surface of the
DNA. Initiation sites that are enwrapped within the nucleosome cannot be accessed by, nor accommodate a transcriptional complex. One can only conclude that the
very structure of chromatin is acting in a regulatory sense as a suppressor. Experimental proof of chromatin repression is difficult, yet Straka and Horz were able to
show just that.* In yeast, a lower eukaryotic cell which does not have H1 histone but does form nucleosomes, there is chromatin structure made of histones that are




highly homologous to that in higher eukaryotes. Expression utilizing PHO5, a yeast gene that remains suppressed until there are low phosphate levels in the medium,
is known to be highly responsive to the phosphate status of the environment. The activator response elements are structured in two upstream activating sites (UAS)
which are the equivalent of enhancer elements in higher eukaryotes. In vivo basal expression of PHOS5 is negligible until it is induced. The UAS and promoter
elements are thought to be embedded in nucleosomal structure. A mutant having the H4 gene deleted from both chromosomes and a galactose conditional episomal
(not part of the genomic DNA) copy of H4 was constructed. When galactose is the food source, H4 is induced in ample quantities; however, when glucose is
substituted for galactose, H4 synthesis immediately stops. Glucose-fed cells do not assemble new nucleosomes as they go through the DNA replicative or synthesis
phase (S-phase). As a result of not having new nucleosomes and therefore having PHO5 in a spread out or accessible state, PHO5 expression increased dramatically
in the absence of any specific induction—a clear example that demonstrates that the nucleosomal structure functions as a suppressor element.
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FIGURE 1.6. A: the core nucleosome, which is 7 nm in diameter, composed of a tetramer of histones with two loops of the DNA strand wrapped around the outermost
aspect of the histone tetramer. B: the “beads on a string” arrangement of nucleosomal DNA.

DNase | hypersensitivity assays®’ show that chromatin structure is loosened when there is active gene synthesis. Furthermore, data acquired from transfection
experiments with the b.-globin gene show that a DNA locus control region (LCR) that resides greater than 50 kilobases upstream of the transcriptional start site is the
primary regulator that institutes relaxation of heterochromatin structure within the domain that contains the globin gene cluster and exposes the region to DNase

have certain DNA sequences which limit the effect of accession by activators or conformational changes that would result fro R-like elements. In Drosophila
melanogaster, the heat shock genes are clustered in a domain that has demarcating sequences ranging in size from 200 to 350 bases called specialized chromatin

occur when a gene is activated.

FIGURE 1.7. A portion of chromosomal DNA is represented by a line structure. The hashed marks denote varying lengths of DNA. The matrix attachment region
(MAR) in a DNA sequence is associated with increased levels of AT and is also attached to the nuclear matrix. DL denotes a delimiting sequence that stops
propagation of transcription; EN denotes enhancer elements; PRO is the core promoter; and EX is the abbreviation form of exon.

Such observations demonstrate that unlike bacteria, mammalian cell promoter construction is not simply an “on/off” switch composed of a few tens of nucleotides
positioned immediately before the gene to be synthesized. The very definition of promoter becomes one that has to encompass a sequence structure that may be
composed of multiple different enhancer or repressor elements (nucleotide sequences that interact with protein or in some manner change the structure of the DNA)
that can be vast distances in front of or behind or, for that matter, within the gene to be transcribed. There are specific sets of intranuclear proteins whose function is
to acetylate histones within the nucleosomal structures. The acetylated histones allow greater access to DNA-binding proteins. In general, histone structure without
acetylated groups results in compaction of DNA structure; whereas acetylated histones loosen up DNA structure for access by protein complexes to the DNA so that

the myriad of events that are requires for transcription and replication and repair may occur. >*

The picture that develops from such a paradigm of gene construction is one which shows that gene regulation begins by a set of commands that controls opening and
elements built into the promoter can provide numerous places for concerted control of gene expression. If the repressor or enhancer proteins that bind to specific
elements within the DNA or DNA sequences themselves acting as structural elements are thought of as keys that either lock or unlock embedded DNA sequences,
then an expanded view of the eukaryotic promoter construction would be considered necessary to provide insight into how access to and transcription of the gene is
selectively accomplished. Therefore, the potential of having to open heterochromatin in response to stimulatory signals in a eukaryote would be expected to be
relatively slow, but speed is sacrificed for control. Furthermore, if a segment of DNA is opened or partially opened by a set of response elements, then, in a eukaryotic
cell, DNA accessibility could be thought of as being preset by a cascade of DNA-interacting proteins, such as hypermobility group (HMG) proteins, >* without there
necessarily being an immediate gene expression response or, for that matter, expression at all unless subsequent signals are received.
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FIGURE 1.8. Denotes the cascade of events that starts at condensed heterochromatin and ends with synthesis of the gene product: the polypeptide.



Once the DNA is loosened, there is a requirement that different sets of proteins must interact with the DNA before transcription begins. Unlike in bacteria, eukaryotes
do not utilize one RNA polymerase core enzyme complex for synthesis of all genes; rather there are three specific RNA polymerases which, as a consequence of their
order of elution from a chromatography column, are designated RNA polymerase |, I, and Ill. RNA polymerase | is responsible for the transcription of ribosomal

for proteins that are made in the cell. The RNA polymerases can be distinguished biochemically on the basis of their inhibition by a-amanitin (RNA polymerase | is not
sensitive, Il is sensitive, and Il may or may not be inhibitable, depending on the species). Type Il genes are those genes that are transcribed by RNA polymerase Il.

Promoter Region

Expression of type Il genes is highly regulated at all levels, but the greatest degree of regulation occurs at the transcriptional level. It follows naturally that the
construction of the promoter sequence and the enhancer or inhibitory elements associated with the promoter are of primary importance in regulation of gene
expression. A core or minimal promoter may, then, be defined as one that does not contain binding sites for sequence specific factors; rather it contains elements that

transcriptional initiation and, at —30 relative to the start site, an AT-rich element of which the TATA box is the cognate or consensus sequence. #6262 All promoters
examined to date have at least one of these two elements. In referring to a promoter and its related gene, +1 is the start site for transcription, those nucleotides that

follow the start site are—reading left to right—consecutively numbered +2, +3, . . ., + N, and those nucleotides that precede the initiation site are numbered from right
to left, -1, -2, . . ., —N. There is no zero.
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FIGURE 1.9. The core promoter is depicted by curled brackets. The horizontal line denotes double-stranded DNA having a TATAA box, transcriptional initiation
element (INR), and a downstream gene.

Transcriptional Factors

There are at least seven general transcriptional factors (GTFs) which have been defined to date. They are named transcriptional factor TF, lIA, 1IB, 1ID, IIE, IIF, IIH,

of TBP is greatest for the consensus TATAA but it does bind to lesser degrees to other AT-rich sequences in the —30 to —25 area. The decrease in binding to
sequences that diverge from the consensus sequence may be a means of regulation. TBP binds to a small sequence of bases in the vicinity of —30; however, the
holo-TFIID rests on nucleotides from —30 to +10. Moreover, TBP does not have to interact directly with RNA polymerase for there to be basal transcription, yet there is
evidence to support that TFIID does directly interact with the carboxy or C-terminal domain (CTD) of the largest subunit of RNA polymerase Il to increase the
frequency of initiation of transcription. /2 Furthermore, TBP is not affected by sequence-specific activator-dependent transcription, but TFIID, that is, TBP with its

associated TAFs, has been shown to interact with such factors. This implies that activators can bind to the TAFs and thereby enhance transcription by nucleating the
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FIGURE 1.10. Demonstrates the cascade of transcriptional activation by the transcription factors (TF) for RNA polymerase Il (Pol II). The TATAA box is -30 bp
upstream from the transcription start site denoted by 0. TBP stands for TATA-binding protein. Pol IIA is the closed form of RNA polymerase Il and Pol IIO is the open
form of the RNA polymerase Il

Once TFIID associates with the TATA element, there is an ordered assembly of the other transcriptional factors. TFIIB associates with TFIID that has already

upstream of the TATA box and contributes to the evolving transcriptional complex. 2! TFIIB interacts with both RNA polymerase and TFIID and is probably responsible

for the spacing between TFIID and RNA polymerase which allows for site-specific initiation of transcription. In addition to TFIIB directly interacting with TFIID, TFIIA

kD polypeptides)®’ that have, among other functions, ATPase, CTD kinase, and DNA helicase activity. >* Each of these functional components are essential for RNA

polymerase Il to proceed beyond the initiation site. That is, ATPase activity is necessary for there to be energy for the RNA polymerase to activate. The CTD kinase



activity is absolutely required for the RNA polymerase Il to switch from the unphosphorylated (11A) 2 and therefore nonelongating polymerase to the highly

phosphorylated (110)°* RNA polymerase Il that elongates or proceeds with transcription. It is obvious that in order for there to be transcription from one of the strands

of the double-stranded DNA, there is a requirement for helicase, that is, unwinding of the DNA. So once the DBPol1F complex is formed, then TFIIE associates with

anti-terminators, TAT and TAX respectively, which promote transcriptional elongation early in transcription by specifically binding the transcribed RNA so that
termination of transcription is aborted. °¢ Both TAT and TAX either directly interact with the transcriptional complex through space because they bind elements on the
RNA which are free of the RNA polymerase complex and, therefore, not associated with DNA, or they indirectly promote transcription by interacting through adaptor
proteins. In either case, the sum effect of these viral proteins is, like TFIIS, continuation of transcriptional elongation. The preinitiation complex has an aggregate
molecular weight of greater than 3.2 million dalton and is composed of greater than 32 proteins. All of this care is involved in setting up the core apparatus for RNA
polymerase Il to begin transcription. Purified pol Il transcribes about 300 nucleotides per minute; whereas in vivo the pol Il complex transcribes about 2,000
nucleotides per minute. The discordant rates probably result in part from the delay in movement of the initiation complex from the initiation start site. Yet the pol Il
complex, once moving, encounters multiple impediments to smooth and rapid elongation, for example, the nucleosome structures. There are families of elongation

factors that modulate the rate of transcriptional progression. Factors such as TFIIF, ELL, SlI, Slll, P-TEBf, FACT, and HSF1 have been shown to be involved in

RNA polymerase IlA to the phosphorylated IO form is a potential regulatory point that serves to transform the preinitiation complex to the active transcriptional
complex.

In yeast, the TATA box may be anywhere from —40 to —100 nucleotides upstream of the start site of transcription, and the orientation of the TATA sequence is strict.
This is not the case for higher eukaryotes. In fact, in higher eukaryotes there are promoters that do not contain TATA boxes or AT-rich regions approximately —30 to

associated with housekeeping genes, **% and several upstream sequence-specific SP1 sites. *** For the TATA-less promoters, the Inr element is a weak consensus

sequence of A at the +1 site and C at the —1 site and T at +3 with preferentially pyrimidine bases upstream and downstream of these sequence elements. ** |t is
possible that the Inr sequence is recognized by a specific Inr-binding protein, and it is this protein which nucleates the ordered assembly of the transcriptional
factors.® So even within these TATA-less promoters, the TFIID transcriptional factor containing the TBP is required for transcription; however, in this case the binding
may be effected through adaptors or tethering factors which are probably one of an array of alternative TAFs that has been positioned by either the Inr-binding protein

or sequence-specific activators (above). &

Regulatory Elements

The line between what is the promoter region and what is the enhancer region in eukaryotic genes is blurred. The trend is to consider the core promoter as the
sequence just upstream and through the Inr sequence, and the rest of the elements that modulate transcription are referred to as the regulon or some such name that
connotes transcriptional regulatory function. Since many genes can be regulated by proteins that interact with DNA upstream, within, and downstream of the
transcriptional unit of the gene, description of regulatory elements will be restricted to the more common elements usually found upstream of the Inr element. By no
means do we mean that the other elements are not important for efficient transcription of any individual gene. Moreover, specific regulatory elements within higher
eukaryotes are not necessarily directionally dependent, nor is it uncommon to find that one element will be repeated several times or that multiple elements will be
employed within a given regulatory region, that is, the regulatory elements are modular, and all of the elements can be coordinated as a functional unit.
Eukaryotic-regulating proteins or enhancer-element-recognizing proteins must interact with a specific sequence within the extended promoter and additionally interact
with other sequence-specific recognition proteins or the transcriptional factors themselves ( Figure 1.11).=> In vitro the activator molecules typically enhance
transcription by two- to five-fold; however, in viva the activators can enhance transcription by a thousandfold. In contrast to TBP, typically transcriptional activators
recognize specific elements and bind to the nucleotides within the DNA sequence through the major groove. These regulatory proteins frequently consist of more than
one protein subunit. The interplay of these regulatory proteins with one another and with DNA for the most part determines the tissue specificity and timing and
frequency of gene transcription.
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FIGURE 1.11. Demonstrates a negatively charged transcription factor (TF) binding to an enhancer element on double-stranded DNA that is forming a looped
structure. The transcription factor may, by virtue of its charge and position, act in assisting the position of TFIID which is positively charged and contains the
TATA-binding protein and is also binding with TFIIA (A) and TFIIB (B). F, H, J, E, and S denote TFIIF, H, J, E, and S. Pol llA is the closed complex of RNA
polymerase Il.

factors is that given such an array of different binding proteins with possibly different preferences for the CCAAT element or mutations from the consensus sequence,
regulation based on binding the same element may provide exquisite tissue and chronologic modulation of gene transcription.

The octamer element, ATTTGCAT, is another ubiquitous regulatory element which is usually bound by the Oct-1 factor and is an element module in promoters for the

g-globulin synthesis and illustrates that a tissue-specific factor (Oct-2) recognizes the general octamer element, whereas Oct-1 does not function as a g-globulin

regulatory protein.*3! Here is a clear example of tissue-specific gene regulation by tissue regulatory factor expression.

~ among others. Sp1 is a heterodimeric structure composed of 105 and 95 kD subunits which seems to function as a single unit without subset subunit mixing to

other factors.***> Modulation of regulation from the Sp1 element is usually in concert with other regulatory factors or possibly, as discussed above for TBP, the



degeneracy of the element away from the consensus sequence may be a means of altering affinity and therefore modulating enhancement.

Since higher eukaryotic cells must regulate protein expression in the context of the entire organism, it is not surprising that molecular communication between cells
results in transcriptional modulation. To that end, it is not surprising that there are transcription factors that are responsive to hormones and to membrane receptor
stimulation. The hormone response elements interact with the steroid/thyroid superfamily transcriptional factors, which include estrogen, androgen, glucocorticoid,

of bacterial activators and repressors in that the ligand (hormone) interacts with the intranuclear receptor, which subsequently results in a conformational change in
the receptor that facilitates DNA binding and transcriptional activation or repression. The hormone receptors act as dimeric structures, either in a homo- or

heterodimeric form.*** Within this family there is a considerable degree of homology among the receptors. **= In general members of this group of transcriptional

is highly variable, activates gene-specific transcription, and binds other protein factors. Domain Il functions in DNA binding, provides response-element recognition
specificity and is highly conserved. Domain lll, which is the C-terminal region of the receptor, actually contains two separate motifs: the hinge and the ligand-binding
portion of the receptor. The hinge contains the nuclear localization signal, participates in transcriptional activation, and functions in dimer formation. Lastly, the
steroid-binding region binds the specific activating ligand, interacts with heat-shock proteins, contributes to nuclear localization, and for the same receptor species is
highly conserved. Domain-swapping experiments in which chimeric proteins between one specific DNA-binding domain of one receptor with that of the
ligand-recognition domain of different class of hormone receptor show that the DNA and ligand domains act functionally in an independent manner. The consensus
recognition sequence for the hormone androgen, glucocorticoid, progesterone, and mineralocorticoid receptors is GGTACANNNTGTTCT,; the consensus sequence
for the estrogen and thyroid receptor is GGTCA(N)XTGACC, where x is equal to zero for the estrogen response element and three for the thyroid response element;

phosphorylation can occur at multiple sites within the receptor and thereby change its structure, it would not be surprising that regulation of such transcriptional
regulators could then be networked into other regulatory pathways such as tyrosine kinase, kinase A, and ultimately to signal transduction mediated from

Insight into regulatory control is found when one considers the structural activation of the steroid hormone receptor. /%171 These receptors do not exist intracellularly

as monomeric or dimeric receptors; rather they are associated with a set of nonreceptor chaperone molecules that confer stability to the receptor such that they are

held in a conformational state so that they may interact with the incoming ligand. The chaperone molecules are composed in part by heat-shock protein 94 and

70.1/2173174and 175 The heat-shock protein/receptor complex also associates with other proteins to form an aggregate species. *° It is this aggregate species that

functions to position the hormone receptor within the nucleus by associating with nuclear matrix proteins. +.* Such a display of positional control may imply that the
topological position of segments of DNA within the nucleus is highly important and fixed by binding to specific proteins and potentially RNA molecules that match up
with specific sequences of DNA. Furthermore, when the receptor reacts with its cognate steroid ligand, it may be released from some of the constraints of binding to
the chaperone proteins and associate with another steroid receptor which allows binding to its respective response element within DNA. Since the aggregate is

associated with nuclear matrix and DNA, then such changes in the aggregate structure can be translated into changes in chromatin structure or possibly into altering
the bending patterns of DNA, which can then result in looping the composite enhancer region into a spatial position to associate with the transcriptional

paths to ensure exquisite control.

In higher eukaryotic cells, genes are structured differently from those found in bacteria. For one thing, they are not arranged in an operonic motif. That is, in higher
eukaryotes one promoter corresponds to one gene rather than a cascade of genes as is found in bacteria. Moreover, eukaryotic genes are usually substantially larger
than those found in bacteria. In a bacterium, a single gene coding for a fairly large polypeptide having a molecular weight of 100,000 dalton (100 kDa) would be
considered unusually large. If one estimates that the average molecular weight of an amino acid is 100 Da, then the number of amino acids in a 100 kDa protein
would be 1,000. Since three nucleotides code for one amino acid, the 100 kDa protein would correspond to a gene composed of 3,000 nucleotides. In mammals, as in
prokaryotes, a single polypeptide is rarely larger than 100 kDa. However, when compared to the size of an average higher eukaryotic genes, the large 3-kbase
prokaryotic gene would be considered small because in mammals it is not unusual to find genes spanning more than 100 kbases. For instance, the cystic fibrosis
gene spans over 500 kbases, and the breast cancer gene, BCII, may span 1,000,000 bases—approximately one third the size of the genome of E. coli. The average
size of a higher eukaryotic gene is 10 to 20 kD. *2° The obvious conclusion is that gene structure in higher eukaryotic cells is much more elaborate than that found in
prokaryotic cells. The gene has a dispersed structure. In mammalian cells most of the nucleotide sequences that are transcribed from a gene are not translated into
protein. Intragenic, transcribed, but not necessarily translated, sequences within a gene are referred to as introns. The size and number of introns may vary
depending on the gene but average between 6 to 8 introns per gene. Why would the cell invest so much energy into forming such long pieces of RNA only to have
most of the nucleotide sequence degraded; and further, what are the advantages of having genetic material dispersed over so much of the DNA? The evolution of this
mode of packaging eukaryotic genetic material probably reflects greater control of (a) transcription initiation—within introns cis-acting elements can reside, as well as
elements for trans-acting proteins to activate or inhibit transcription, (b) genetic swapping of information, *** and (c) development and specific tissue production of
multiple isoforms of a particular protein at particular times during the life of the cell at the posttranscriptional level.

Posttranscriptional Processing Events

In prokaryotes, mRNA is translated as soon as transcription begins. This is not the case for eukaryotes. *2° Once transcription has occurred and the resultant RNA is

synthesized, there is a vast array of events that occur. When RNA is synthesized, it is not in a suitable form to function as tRNA or rRNA or mRNA. Newly synthesized
or nascent RNA is termed pre-messenger RNA or heterologous RNA (hnRNA). Pre-mRNA is single-stranded and corresponds to a one-to-one direct transcript of the
original DNA representation of the gene. The RNA has a complex secondary structure that is not simply a linear array of nucleotides. 2 This secondary structure
without doubt dictates how the pre-mRNA is processed and how other molecules within the nucleus interact with the nascent RNA. In such a state, hnRNA associates
with intranuclear proteins and small nuclear RNA (snRNA). Introns and exons are present and there has been no RNA terminus processing, that is, no

polyadenylation nor any modification of the 5'-bases. The panoply of processes that occur on hrRNA are referred to as posttranscriptional events.

The posttranscriptional processing events occur virtually immediately and simultaneously. For heuristic ease they will be discussed individually and as if these
processes start at the 5'-end of hnRNA and end at the 3'-end. When the transcript is being made, the 5'-end begins to associate with proteins within the nuclear
matrix. As discussed above in reference to transcriptional control, these proteins can impact on transcriptional elongation. But such proteins also begin to organize
the growing RNA chain into a structure that lends itself to processing by specific modifying intranuclear complexes. With the exception of a few specialized cases,
such as the picornaviruses that contain as part of their RNA genome-specific sequences that code for precise ribosomal recognition sites, invariably, mMRNAs are

processed before translation. **3

Methylated 5' Cap

The original, start-site, transcribed nucleotide has a triphosphate group at the 5'-end. However, this nucleotide is never found in mMRNA. The mRNA 5'-end is

invariably processed or modified such that there is a special nucleotidyl structure composed of a 7-methylguanosine connected through an unusual triphosphate

linkage to the first nucleotide of the pre-mRNA (Figure 1.12).22% This results in a 5' to 5' bond between ™G and the penultimate nucleotide. The resulting "GpppAp

no chance of anchiomeric assistance from the adjoining hydroxyl group to facilitate the cyclic diester intermediate that would proceed hydrolysis. These methylations
are catalyzed by specific methylation enzymes that recognize the "GpppAp of the 5'-end of mMRNA.*! What determines the methylation pattern is not known. The
mGppp?MAp structure also ensures that there is no free 5'-OH group, and as such the mRNA molecule has a 3' free hydroxyl group on both its 5'- and 3'-ends.

Although mRNA stability may result from many factors, the absence of the free phosphorylated 5-OH group protects the mRNA from 5'-OH-specific exoRNase



structure is crucial for binding and positioning pre-RNA into intranuclear complexes for further processing. %
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FIGURE 1.12. The capping and methylation of pre-mRNA goes through several steps. pppApXpX represents the 5'-end of pre-mRNA. GpppApXpX is the unusual 5' to
'5 capped structure without methylation of the 7-nitrogen of guanosine. "™Gppp?™ApXpX is the fully methylated capped structure of pre-mRNA.

Transcriptional Termination

this is not the case in eukaryotes wherein the emphasis has changed from specific transcription termination sites to a more vague transcriptional end point with
subsequent exquisitely accurately regulated 3'-end processing. *°2 The pre-mRNA may terminate either shortly or considerably downstream of the end of the mRNA.

The control of where the transcriptional apparatus stops transcribing is not known; however, considerable effort has been expended in understanding the processes
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FIGURE 1.13. Demonstrates the pre-mRNA being processed by sequential splicing of exon 1, 2, 3, and 4. The polyadenylation signal is denoted at the terminal region
of exon 4.
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FIGURE 1.14. The selection of an immunoglobulin gene product for either secretion or membrane attachment depends on the use of one of two possible
polyadenylation (poly[A]) elements within the immunoglobulin gene. When the first poly(A) site is selected, two exons are not incorporated into the gene product.

Spliceosomes

Since the ultimate mMRNA is fashioned such that it will be efficiently utilized to translate genetic information into utilizable protein, it is not surprising that a major
posttranscriptional regulatory checkpoint is compression of the dispersed pre-mRNA into RNA. The capped and poly(A) tailed prespliced RNA is composed in a
modular fashion of exons and introns. The introns must be removed and the exons stitched together to result in a transcriptional unit that will be translated. The

whereas the third type of splicing, which is utilized for class Il genes, depends on the pre-mRNA associating with an intranuclear structure referred to as the

spliceosome complex.??° The spliceosome is a 60S particle containing 5 small nuclear RNAs (sSnRNAs), U1, U2, U4, U5, and U6, as well as many small nuclear

on the capped and poly(A) tailed pre-mRNA. First U1 and U2 snRNP form with the pre-RNA and then U4, U5, and U6 snRNP, as well as small ribonuclear (SR)



spliceosome, and ATP.552 When considering the great variability in the size and number of exons and introns of a transcribed gene, it becomes intuitive that
mandatory cis-elements within the intron/exon contribute to the precise recognition by the splicing apparatus. There are cognate cis-elements at the 5'- and 3'-ends,

ribose sugar. =231 This creates the 5' exon with a free hydroxyl group and a lariat structure composed of the intron and its connected 3' exon. The second reaction,
which appears in viva to occur simultaneous with the first reaction, is the excision of the intron containing the lariat and ligation of the two exons. The U1 snRNP of the

intron.==> It has been shown that changing the G or the U can completely inactivate the splice junction. ==2.237 Furthermore, alterations within the consensus sequence

of the 5' junction site may inactivate the primary junction site, decrease the rate of splicing, or activate alternative junction sites that may be either in the exon or

intron.#3’ These alternative or cryptic 5' junctional sites invariable have a GU dinucleotide. #7238 For instance, in bE-thalassemia, a G to A mutation within the first exon

FIGURE 1.15. The splicing reaction is shown diagrammatically. The exons are represented as boxes, the intron as a single line between the two exons. The
2'-hydroxyl group of the adenosine (A) at the branch point is shown with the intron. The lariat structure which results from the branch 2'-hydroxyl group reacting with
the phosphate ester between G and U at the 5'-end of the intron is indicated by an arrow. The resulting processed and spliced exons are joined together.

The 3' junction site contains a rather large consensus sequence that is composed of an invariant AG which resides immediately before the second exon and an
upstream pyrimidine-rich tract with an intervening single purine or pyrimidine and then a pyrimidine just before the junction site AG. The consensus is therefore, a

the pyrimidine-rich tract are an absolute requirement for the first endonucleolytic cleavage of the 5' junctional site to occur. #** The implication is that within the

spliceosome, the recognition order probably is U1 followed by U2 and then U5 snRNP, or U1 in conjunction with U2 forms a complex with U5 and other shRNPs to
conform to the 3'-end of the intron so that the branch point adenine which interacts with U2 can be positioned by the U1/U5/U4/U6/SR complex to react with the 5'

junctional site. Alternatively, there is a stepwise assembly of ShRNPs that forms complexes with prespliced mRNA which results in rearrangement of the sShRNPs to
245

original branch point adenine slows the splicing reaction and unmasks a cryptic branch point site. %

Alternate Splicing
It must be that in addition to the normally found snRNPs that make up the spliceosome, other nuclear proteins function in the splicing event. This becomes particularly

to the cell a regulatory control to produce alternative proteins or isozymes without the need to store within the genome genes that code for each individual protein. To
effect alternative splicing, the cell type must produce a nuclear protein that acts directly with the spliceosome to result in selection of alternative splice sites or,
because the pre-mRNA has considerable secondary structure, the tissue-specific protein may interact with the pre-mRNA while it is forming to fold it in such a fashion
that certain splice sites are not available to the spliceosome. It may be that the tissue-specific proteins may associate with the spliceosome such that certain intronic
or exonic sequences are recognized as alternative splice sites. Whatever the underlying mechanism(s) of alternative splicing the end result is that in either the case
of normal sequential splicing or of alternative splice, pre-RNA, once it has been capped and polyadenylated and spliced, is ready to be carried from the nucleus to the
ribosome for translation.

TRANSLATION

During translation the mRNA carrying the genetic code is decoded into amino acids. Each amino acid is represented by at least one codon found as a triplet within the
nucleotide sequence of mMRNA. Translation in prokaryotes is a very rapid process, which occurs while transcription is still in progress. This is possible within a
prokaryotic cell because both transcriptional and translational events are in the same cellular compartment. On the other hand, translation and transcription in
eukaryotic cells are in separate cellular compartments. Moreover, because of posttranscriptional modifications and transport, there is a lag of a few hours between the

two molecular events. =230
Ribosome Structure

Ribosomes (ribonucleoprotein structures) provide the site for recognition between an mRNA codon and tRNA anticodon with subsequent assembly of translated
amino acids into polypeptides. Ribosomes attach to the 5' end of MRNA, translating each nucleotide triplet into an amino acid as the triplets move ina 5'to 3'
direction. A strand of mRNA can be simultaneously translated by more than one ribosome. Multiple ribosome constructs are referred to as a polysome. Polysomes
prokaryote mRNA molecule since the mRNA in these organisms is much longer than that found in eukaryotes. Bacteria can add approximately 15 amino acids to the
growing polypeptide chain every second, therefore synthesizing a protein of about 300 amino acids in 20 seconds. Eukaryotic cells proceed at a slower rate, adding
about two amino acids to the growing chain per second. -~



FIGURE 1.16. Polysomes are many ribosomes simultaneously translating the same molecule of RNA, resulting in synthesis of many polypeptides of different lengths
from the same RNA molecule. (From Lewin B. The assembly line for protein synthesis. New York: Oxford University Press, 1990:143, with permission.)

A ribosome is composed of two subunits which can be dissociated from each other by reducing the Mg?* concentration. The subunits can be isolated through zonal

rate of sedimentation and a larger mass. 22 Bacterial ribosomal subunits sediment at 30S (small subunit) and 50S (large subunit) forming a 70S reassociated

ribosome. The small (30S) subunit is composed of 21 different proteins and 32 different proteins comprise the large 50S subunit. One of the small subunit proteins is
identical to one found in the large subunit yielding a total of 52 different proteins within an intact prokaryote ribosome. %>* Eukaryotic cytoplasmic ribosomes are larger,
sedimenting at 80S for the intact ribosome and 40S and 60S for the small and large subunits respectively. The ribosomal RNA has a molecular weight of 2,300 kD
with an additional 1,700 to 1,800 kD of absorbed ribosomal proteins such as initiation factors, elongation factors, and enzymes. %>> Ribosomal proteins in both

prokaryotes and eukaryotes have insoluble, basic properties. 22° The genes coding for ribosomal proteins are present 10 to 12 times in higher eukaryotic genomes, but

Initiation Complex

An initiation complex must first be formed before a ribosome can begin the process of decoding mRNA triplets into amino acids. Formation of an initiation complex

....................................

tRNA binding; the A or entry site is occupied by the incoming amino acyl tRNA whose anticodon is the compliment of the mRNA codon, which is next in line to be
translated. The adjacent P (donor) site is occupied by the growing polypeptide chain bound to peptidyl tRNA. When both the A and P sites are filled, a peptide bond is

other initiation factors associated with a ribosome make up the active site for participation in one of the three stages of translation: (a) initiation; (b) elongation; and (c)
termination. The following discussion will address the general mechanisms in each of these stages as well as the regulatory events and deviations which can occur in

translation. =271
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FIGURE 1.17. Formation of an initiation complex requires the dissociation of the ribosomal subunits in the “free pool” before the initiation factors, small ribosomal
subunit, initiator tRNA, and mRNA can begin assembly of the initiation complex. (From Lewin B. The assembly line for protein synthesis. Genes IV New York: Oxford
University Press, 1990:113, with permission.)

FIGURE 1.18. A: Each ribosome has two sites for tRNA binding. The entry (A) site is occupied by the incoming mMRNA codon and the complimentary tRNA anticodon.
The donor (P) site contains the elongation polypeptide bound to peptidyl tRNA. When both sites are filled, a peptide bond is formed between the two newly
synthesized amino acids. B: The peptide chain with the most recently synthesized amino acid is translocated back to the A site.

Initiation of translation requires multiple steps to assemble a ribosomal initiation complex which can bind mRNA at or near a site containing an initiation codon (AUG).
Formation of the initiation complex requires different initiation factors whose number and complexity of function increase from prokaryotic to eukaryotic translation.
There are four main events in the initiation of translation: (a) dissociation of the small and large ribosomal subunits found in the free ribosome pool; (b) binding of the
initiator tRNA to the small ribosomal subunit along with initiation factors to form a preinitiation complex; (c) binding of mMRNA to the preinitiation complex to form an
initiation complex with the small subunit; and (d) reassociation of the large and small subunits to form an 80S initiation complex. %

Initiation Complex in Prokaryotes

Assembly of the 30S preinitiation complex in prokaryotes requires three initiation factors (IF1, IF2, and IF3), GTP, 30S ribosomal subunits, initiator tRNA (formyl
methionyl-tRNA), and mRNA. In order to form a preinitiation complex, the small ribosomal subunit (30S) must be available in the free ribosome pool. Normally 30S is
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FIGURE 1.19. The sequence of events and molecules involved with formation of an active 70S initiation complex.

The ribosomal binding site, found in prokaryotic mRNA, contains important sequences: (a) the Shine-Dalgarno sequence, AGGAGGU, which is the ribosome

recognition site; and (b) the initiation codon AUG (or also GUG or UUG). In 1974, Shine and Dalgarno showed that a purine-rich sequence located upstream from the

initiator methionine codon is complementary to the 3'-end of E. coli 16S rRNA.2?2 Since then, approximately 150 additional bacterial and bacteriophage rRNA

complementary base pairs with the 3' 16S rRNA nucleotide sequence. The stretch of complementary base pairing is usually three to nine continuous nucleotides. ==
However, the exact site within the 3' 16S rRNA where the Shine-Dalgarno sequence binds is dependent upon the degree of secondary structure present within that
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FIGURE 1.20. The Shine-Dalgarno (SD) sequence located upstream of the initiation codon is the motif recognized by ribosomes. The SD sequence forms
complimentary base pairs with a 3' 16S rRNA. The number of nucleotides forming complementary bonds affects translation efficiency. (From Merrick WC. Eukaryotic
MRNAS: strange solutions require unusual problems. In: Hill WE, Dahlberg A, Garrett RA, et al. The ribosome: structure, function and evolution. Washington, DC:
American Society for Microbiology, 1990:292, with permission.)

AUG, the initiation triplet, codes for methionine which can be carried by two different tRNA molecules—one is the initiator methionine and the other is recognized in

elongation. In bacteria and mitochondria, the initiator tRNA is the formylated methionine, N-formyl-methionyl-tRNA, and it is the only amino acyl tRNA with which IF2

will interact (Figure 1.21).2% The other methionine, whose function is to recognize an internal AUG codon, cannot be formylated. Formylated methionine (and

eukaryotic initiator tRNAS) has the unique capability of bypassing the A site and entering directly into the P site of the ribosome to initiate protein synthesis. Once a

growing polypeptide becomes 15 to 30 amino acids long, the formyl group at the NH2 terminus is removed. The function of the enzyme deformylase is to remove the

formyl group and generate a normal NH2 terminus. The following set of reactions provides a summation of events in formation of an active 70S initiation complex. 2%
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FIGURE 1.21. The prokaryote initiator tRNA is formyl methionyl-t-RNA which has a formulated amino group making it structurally different from all other tRNAs. (From
Lewin B. The assembly line for protein synthesis. New York: Oxford University Press, 1990:113, with permission.)

In contrast to the bacterial initiation of translation, the eukaryotic process is different, more complex, and requires many more factors to orchestrate the event. The
main differences are that: (a) eukaryotes have larger ribosomes; (b) eukaryotes have more initiation factors (8 elFs); (c) the Met-tRNA is not formylated; (d) most
MRNA has a 5' cap structure; and () mMRNA is monocistronic.



Initiation Complex in Eukaryotes
Eukaryotic mRNA has two distinguishing structures: the 5' cap and poly A tail, both of which are shown to be part of (although not necessary to) the translation

5' cap structure, a methylated guanosine (position 7) that is connected to the first MRNA nucleotide by a 5' to 5' triphosphate bridge, functions to bring the 40S subunit
of the ribosome to the mMRNA to initiate translation. The four basic steps involved with the initiation of translation in eukaryotes are:

Dissociation of the 80S ribosome into two subunits: 40S and 60S;

Formation of a preinitiation complex consisting of methionyl-tRNA-40S-elF2-GTP;

Formation of an initiation complex consisting of the preinitiation complex bound to mMRNA,;

Formation of an 80S initiation complex consisting of 40S and 60S subunits, initiator methionine, tRNA, and mRNA.

PoOnNE

The initial step in eukaryotic translation is the formation of a complex containing GTP, eukaryotic initiation factor 2 (elF2) and methionine-tRNA ; (the initiator

methionine in eukaryotes is not formylated). GTP binds to elF2 to enhance the affinity of elF2 for methionine-tRNA . Once the met-tRNA-elF2-GTP complex is formed,

it can then bind a free 40S ribosomal subunit found in the free ribosomal pool resulting in the formation of a 43S preinitiation complex. *°© The number of free 40S and

60S ribosomal subunits found in the free ribosomal pool is small since the formation of 80S is favored in the cellular milieu. The dissociation of the two subunits is

This would be a rate-limiting step in protein synthesis if it were not for the presence of another factor, guanine nucleotide exchange factor (GEF or elF2B). GEF
mediates the nucleotide exchange so that elF2 now becomes GTP-bound, enabling this complex to be recycled in formation of another preinitiation complex. Protein
synthesis begins when the 5' cap structure is recognized by the initiation factor 4E(elF4E) component of the elF4F complex that also includes elF4G. The 24-kD

............................................................

FIGURE 1.22. Eukaryotic initiation factors elF-A and elF-B function as helicase enzymes, unwinding the secondary structure of the mRNA in front of them as they
move in a 5' to 3' direction. (From Lewin B. The apparatus for protein localization. New York: Oxford University Press, 1990:279, with permission.)
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FIGURE 1.23. The initiation of translation in eukaryotes requires the formation of an initiation complex to initiate translation. This requires the functions of many
enzymes performing their specific activity at the appropriate time. (From Merrick WC. Eukaryotic mMRNAs: strange solutions require unusual problems. In: Hill WE,
Dahlberg A, Garrett RA, et al. The ribosome: structure, function and evolution. Washington, DC: American Society for Microbiology, 1990:292, with permission.)

Initiation factor elF4E is of considerable interest due to its important role in controlling the rate of initiation of translation as well as its role in the regulation of
translation. For example, the promoter of the elF4E gene has an E-box that c-Myc binds to activate transcription, thus increasing the level of elF4A expression.

crystallography structure of elF4E bound to 7-methyl-GDP has recently been reported, #3* thus giving additional insight into the interactions of this initiation factor with
other factors and mRNA.

As might be expected, some viruses have an efficient alternative to the 5' cap structure stimulation of translation. Positive-stranded picornoviruses (polio) have a 650
to 1,300 nucleotide long 5' noncoding region (5' NCR) containing many AUG codons and extensive secondary structure. This region is capable of efficiently initiating

translation of the viral mMRNA. These regions are named internal ribosome entry sites (IRES) and are found in all picornoviruses, hepatitis A and C viruses

It should be noted that there is evidence from experiments performed in amphibian oocytes and yeast indicating that the 3' polyadenylation tail is involved in the
stimulation of mMRNA translation. These studies have shown that a poly(A) tail binding protein, Pab1p, is required for stimulation of translation and that it was capable
of stimulating translation in the absence of elF4E. It has also been shown that the poly(A) tail enhances the binding of the 40S subunit to mMRNA as well as enhancing
the joining of the 60S subunit to the initiation complex. Taken together, models of the poly(A) tail involvement in translation have been suggested, although many
aspects remain unresolved.3* At this juncture, the reader should make special note of these data and anticipate that this aspect of translation will be unraveled in the



near future.

Unlike bacteria, eukaryotes do not have a specific ribosome-binding site on the mRNA to direct the initiation complex to the proper initiation codon. The precise
mechanism by which eukaryotes locate the AUG initiator codon is still unknown; however, there are several hypotheses, all of which are variations of a “scanning”

Recognition of the AUG initiator codon depends on the flanking sequences, with AIGNNAUGG providing the best context for binding of the initiation complex. If the
first AUG is in this optimal context, then the 40S initiation complex will bind at that initiation codon without scanning the remainder of the mRNA. However, if the first
AUG does not have the ideal flanking sequences, then the 40S will continue to scan the mRNA sequence until it locates another AUG, binds it and initiates translation
at that codon.?*’ In a few cases, some 40S subunits bind the first AUG flanked by nonoptimal sequences, while other ribosomes continue scanning and finally bind an
AUG codon further downstream. Given these circumstances, two proteins would be synthesized from a single message. This is a highly unusual event in eukaryotes
since they do not have bicistronic transcripts. 2 The ability of a mRNA to be actively involved in translation is determined by: (a) how accessible the 5' capped mRNA
is to the initiation complex; (b) how readily the 40S ribosomal subunit can scan the mRNA downstream from its entry point at the 5' end; and (c) how easily the

initiation complex can locate the AUG initiator codon in the optimal context. 272

Ribosome “scanning” can be impeded by secondary structures in the mRNA. Extensive secondary structure, common to mRNA, can form stable stem-loop structures

............................................................

stem loop as it scans the mRNA. A stem loop at the 5' CAP region can prevent the initiation complex from binding the mRNA at its normal site of entry. 3*2
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FIGURE 1.24. Ribosome scanning can be impeded by the secondary structure of mMRNA, which can potentially prevent initiation at the correct AUG site. (From

Merrick WC. Eukaryotic mMRNAS: strange solutions require unusual problems. In: Hill WE, Dahlber A, Garrett RA, et al. The ribosome: structure, function and
evolution. Washington, DC: American Society for Microbiology, 1990:292, with permission.)

The formation of the initiation complex (joining of 60S to the preinitiation complex at the initiator codon) requires elF5. This protein is a single polypeptide having
ribosome-dependent GTPase activity. The function of this factor is to hydrolyze the GTP molecule bound to elF2 prior to the addition of the 60S subunit. This
hydrolysis reaction removes elF2-GDP, elF1 and elF3 from the preinitiation complex so they can be recycled to continue their role in formation of new preinitiation

Elongation

After the initiation complex is formed, the elongation step can begin. There are three major steps in the elongation that keep repeating themselves. They are: (a)

However, catalysis of these steps by two GTP-dependent factors increases the speed and fidelity of protein synthesis. 2>* These factors bind to specific components

and are then released and recycled for use in the addition of the next amino acid in the nascent polypeptide chain. 232

FIGURE 1.25. The four major elongation steps in prokaryotes require the functions of elongation factors. (From Lewin B. The assembly line for protein synthesis. New
York: Oxford University Press, 1994:163, with permission.)

The process of elongation in prokaryotes and eukaryotes is similar. At this time the elongation process is under intense investigation. As more precise data obtained
from more sophisticated technology are being accumulated, they more specifically define the interactions and functions of the elongation factors with the tRNA,
MRNA, and ribosome subunits.

The initial step in elongation begins with an initiator tRNA in the P (peptidyl) site and the small ribosomal subunit and initiation factors that bind to the mRNA in a
configuration that allow entry only into the P site of the ribosome. The aminoacyl (A) site is now available for introduction of an aminoacyl-tRNA having an anticodon
complementary to the mRNA codon that will occupy the A site. The appropriate aminoacyl-tRNA is escorted to the A site by a GTP-bound elongation factor (EF-Tu in
prokaryotes and eEF-1a in eukaryotes) introduced as an aminoacyl-tRNA-EF-Tu-GTP complex. The GTP undergoes hydrolysis and EF-Tu (eEF-1a) is released.
Another 