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The science of medicine has changed dramatically
during the past decade as the power of recombinant
DNA technology has been applied vigorously to vir-
tually all the medical subdisciplines. Indeed, during
the past several years, this technology has moved
dramatically from the laboratory bench into the di-
agnostic and therapeutic armamentarium of practicing
physicians.' Because the future promises a continuing
avalanche of advances, it is important for clinicians
as well as academicians to appreciate the fundamental
concepts of molecular biology. We propose here to
review salient aspects of molecular biology with an
emphasis on certain aspects of molecular immunol-
ogy. Highly readable but detailed accounts of molec-
ular biology may be found in publications by Lewin
(1987)% or Watson (1987).°

It is useful at the outset to understand the particular
way in which scientists, and, more recently, the pub-
lic, have come to use the term “molecular biology.”
This phrase at first referred to the interests of certain
physicists and x-ray crystallographers who, in the de-
cades bracketing the second World War, were turning
their attention from particle physics and molecular
structure to the study of life.* This great first phase
in the history of molecular biology led to the radical
transformation of biology from a discipline derivative
of natural history into a deliberate program of reduc-
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Abbreviations used

MHC: Major histocompatibility complex
mRNA: Messenger ribonucleic acid
NF-k B: Nuclear factor-x B
ISRE: Interferon-stimulated response element
PCR: Polymerase chain reaction

TCR: T cell receptor

tRNA: Tranfer ribonucleic acid
VDJ: Variable, diversity, and joining elements

Ab:  Antibody

Ag: Antigen
A:  Adenine
G: Guanosine
C: Cytosine or immunoglobulin constant

domain

T: Thymine
U: Uracil

tionism. Just as Darwinism in the previous century
(and neo-Darwinism in this century)’ had proposed
the great null hypothesis that all of life stemmed from
the random processes of mutation and selection, so
the physicist’s molecular biology proposed that the
mechanisms subtending genetics, cell structure, mor-
phogenesis, metabolism, and even behavior should
now be traced to the angles and lengths of molecular
bonds.

Contemporaneously, the extraordinary discoveries
that the genes of bacteria® and their viruses’ were
composed of DNA led to equally heady postwar ad-
vances by geneticists and bacterial physiologists. In
rapid succession, it was discovered that genes, like
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FIG. 1. The flow of genetic information. According to
Crick,® genetic information can flow from DNA to RNA to
protein fheavy arrows). However, the “meaning” of the
encoded information depends on various levels of context
flight arrows), which allows the genome to be responsive
to the cellular and external environments.

atoms, could be subdivided, with the smallest division
later recognized as the base pair. Regulatory elements
(“promoters” and “operators”) under the influence of
the newly recognized class of regulatory proteins (“re-
pressors” and “activators™) controlled the expression
of structural proteins and enzymes.

Much of the new terminology was adapted from the
wartime language of information theory, cybernetics,
and electronic communications. DNA itself carried
the genetic information, but this information was
somehow transcribed into an unstable molecular
“messenger,” demonstrated to be RNA. mRNA could
be “translated” into protein, and from this discovery
came the rapid deciphering of the genetic “code” in
which a particular amino acid is specified by a trio of
base pairs known as a “codon.” The genetic code
specifying a particular protein is analogous to the re-
corded program of a digital computer.

Molecular biology is now generally regarded as
study of the cellular computer: how the information
content of these molecular programs is stored in the
form of genes and expressed as proteins. In addition,
“molecular biology” refers to the technical prowess
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that can be applied by myriad fields, from farming to
forensics to the production of therapeutic factors, such
as recombinant hormones. Thus, as commonly used,
the term has a somewhat narrower meaning than terms
such as biochemistry and cell biology, which are, of
course, also directed to studies of molecules and bi-
ology. Nevertheless, because of the power of this tech-
nology to answer fundamental questions, academic
departments of biochemistry and cell biology (not to
mention allergy and immunology) are increasingly fo-
cusing research efforts on problems that depend on
the concepts and techniques of molecular biology.

In this article we will first consider the flow of
information within the cell: how the information con-
tent of DNA is expressed at the cellular level as protein
and, to a certain extent, how information from the
cellular environment is transmitted back to the ge-
nome. In the second part of the article, we will touch
on technologic advances in molecular immunology.

Code and context: The flow of
genetic information

A study of molecular biology begins with genes,
which are the storehouses of heritable information.
As with all information, the information contained in
DNA can be “understood” in different ways, depend-
ing on its context.® The process of the use of this
information involves complex and carefully regulated
activation of only those genes that are appropriate for
expression in any particular cell. Thus, there are two
kinds of information encoded in DNA. One kind of
information provides a “genetic code” for specifying
the exact linear sequence of RNA or proteins as de-
coded from the linear sequence of RNA. These linear
sequences are the classic sense of “gene,” and their
information corresponds to the digital information
stored in a computer memory. The flow of this in-
formation follows the “central dogma of molecular
biology,” which states that information flows steadily
from DNA to RNA to protein (Fig. 1). In this sense
the genome may be considered as the read-only mem-
ory of a cellular computer, encoding thousands of
specific programs (RNAs, proteins, and, indirectly,
metabolic pathways).

With the notable exception of the retroviruses,
which are capable of writing to this “read-only” mem-
ory, this dogma holds true. However, for the expres-
sion of genetic information to be timely and appro-
priate to the livelihood of the organism, the cellular
computer must be attentive to the flow of environ-
mental and cellular information impinging on it; the
computer must have mechanisms to control which
program is expressed and when. The exact nature of
these controls is an area of the most exciting research
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currently but is largely beyond the scope of this dis-
cussion. This informational process can be bidirec-
tional; certain sequences of DNA can encode infor-
mation both to enhance and to diminish the expression
of a particular gene, the decision as to which is made
by a host of transcription factors, themselves proteins.
It has been estimated that our protein-coding genes
share 95% sequence identity with genes of our closest
relatives, the chimpanzee. The information that spec-
ifies the significant (to our eyes) differences between
us must lie within this second category of regulatory
sequences.

Ultimarely, however, both kinds of information are
expressed through the process of transcription by
which the sequence information of active genes is
copied into RNA. Some RNAs are functional in later
stages of information processing either as cofactors
or directly as catalytic ribozymes.* '® Most RNAs are
not directly functional but program the synthesis of
specific proteins. These mRNAs carry messages in
the form of nucleotide sequences, which are translated
into the amino acid sequences of proteins in the cy-
toplasm.

A point of potential confusion is that DNA encodes
only the RNA and protein constituents of a cell, al-
though it is readily appreciated that other classes of
molecules, such as carbohydrates and lipids, are
equally essential for cellular function. This apparent
paradox is readily resolved when it is understood that
the biosynthesis and catabolism of such molecules as
lipids and carbohydrates depend on enzymes (Fig. 1).
Thus, the entire biochemical machinery of the cell can
be tied directly or indirectly to its genes and the prod-
ucts of those genes.

We will focus on the mechanism by which the in-
formatior: content of DNA is ultimately expressed as
protein, relying mostly on the example of the mam-
malian immunoglobulin heavy chain locus. There are
few issues relevant to molecular immunology that do
not also apply to this single locus.

The structure of RNA and DNA

The mechanisms of transfer of information from
DNA — RNA — protein make use of a special
chemical property of certain nucleic acids termed com-
plementarity. Of the many discoveries in molecular
biology for which Nobel prizes have been awarded,
perhaps the most famous stemmed from the an-
nouncement in 1953 by Watson and Crick" of the
fundamental structure of DNA, based on comple-
mentarity. In this structure, two strands are coiled
about one another in a complementary fashion.

Each DNA strand consists of a polypentosephos-
phate backbone to which are covalently attached ni-
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trogenous bases consisting of heterocyclic rings of
carbon and nitrogen atoms (Fig. 2). The backbone
consists of alternating phosphate residues and sugars
in which the phosphate group forms a diester linkage
between the 5’ position of one pentose ring and the
3’ position of the next (Fig. 3). In each strand, all
the pentose sugars are aligned in the same 5' — 3’
orientation, providing the sense or polarity of the
strand. As both DNA and RNA are synthesized and
“read” in the direction from 5’ to 3', the beginning
of a gene or RNA is often referred to as the “5’” end.

The nitrogenous bases are of two fundamental
types, pyrimidines and purines; they differ in that
pyrimidines consist of a six-membered ring and pu-
rines of joined five- and six-member rings. There are
two purines and three pyrimidines of interest to our
discussion (Fig. 2). The two purines, A and G, are
contained in both DNA and RNA. The pyrimidines
of DNA are C and T; the third pyrimidine, U, sub-
stitutes for T in RNA. RNA also differs from DNA
in that its sugar is ribose rather than deoxyribose
(hence, ribonucleic acid and deoxyribonucleic acid).

The structure of a DNA double helix is determined
by two physical factors: (1) the “hydrophobic effect”"*
of excluding water from adjacent nucleotide bases
stacked one on top of the other and (2) the noncovalent
hydrogen bonding of purines and pyrimidines in one
strand to the pyrimidines and purines, respectively,
of a second strand (Fig. 3). Base stacking accounts
for the stability of the double helix in water; the num-
ber and precise orientation of hydrogen bonding ac-
counts for the specificity of complementary strand
interactions. With rare exceptions, the purine G pairs
only with the pyrimidine C; the purine A pairs only
with the pyrimidine T in DNA or U in RNA. Thus,
for example, a short strand of nucleotides, 5'-A-C-G-
T-A-3’, would bind to a complementary sequence, 3'-
T-G-C-A-T-5'. In typical genes, only one strand ac-
tually encodes a protein product; the other strand is a
noncoding complementary strand.

This two-stranded structure is critical to the process
of DNA replication for cell division in which the two
strands separate and then form templates for the syn-
thesis of new noncoding and coding strands, respec-
tively. Similarly, the coding strand of DNA provides
the template for synthesis of a complementary RNA
molecule, which will ultimately be translated into a
protein.

The structure of genes and production
of mRNA

One characteristic of gene organization distinguish-
ing eukaryotes from prokaryotes is that the latter have
achieved a meticulous, miniaturized economy of or-
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FIG. 2. The nitrogenous bases of DNA and RNA. The genetic code is composed of just four
“letters.” DNA and RNA differ in base usage in that uracil substitutes for thymine. Adenine
forms exclusive base pairs with thymine/uracil, whereas guanosine forms base pairs with cy-
tosine. The positions of attachment of the bases to ribose or deoxyribose sugars are indicated.

ganization. In contrast, eukaryotes are slovenly and
would rather add new rooms than take out the trash.
But out of this chaos, “higher” metazoans have
evolved a regulatory and developmental complexity
that depends on a patchwork of physical organization
and genetic controls. The genetic controls, governing
especially transcription, are scattered in and around
the transcribed gene itself, often at great distances
from the gene. Moreover, the actual coding sequence
of the gene, those sequences that ultimately will be
translated into a protein, are also scattered within the
domain of transcription. These segments, termed “ex-
ons,” are interspersed with stretches of DNA called
intervening sequences or “introns,” that do not encode
protein and must be removed before the mature mRNA
can be translated. Although regulatory sequences have

been identified within introns, the function of introns,
generally, and, indeed, the fundamental reason for
their existence, is essentially unknown. One possi-
bility is that they are simply ancient fossils held over
from the earliest times of the evolution of life."*
Eukaryotes may have escaped the extreme selective
pressures that forced prokaryotes to streamline their
genetic structure and therefore may have retained a
primordial patchwork structure. Moreover, the con-
cept of “genes in pieces” as an ancestral condition
may help us understand the evolution, particularly of
the immune system, in which both immunoglobulin
and TCR genes must be pieced together in each Ag-
specific clone of B or T cells (see below).
Interestingly, the exons of a gene are often related
to the domain structure of the protein product.'® This
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FIG. 3. The structure of DNA. The fundamental principle of complementarity depends on the
“antiparallel” orientation of two strands of DNA and the formation of specific hydrogen bonds
between nucleotide bases. The stability of the double-stranded structure is provided by “stack-
ing” interactions between adjacent base pairs that can form when the two strands are twisted
to form a helix. For simplicity, only a single base pair is illustrated in detail; a typical eukaryotic
DNA molecule consists of two stands each containing hundreds of millions of nucleotides.

is observed, strikingly, for most of the members of
the immunoglobulin superfamily of genes, including,
among others, the Ab molecules themselves, TCRs
for Ag, and MHC molecules. In each case, protein
domains, defined by a single intrachain disulfide bond,
directly correspond to individual exons within the
gene.

Transcriptional organization and regulation

With fascinating but rare exceptions, the minimal
size of a protein-coding gene is that required to code
directly for the amino acid sequence of the protein.
Since thrze nucleotides are required to encode each
amino acid, the minimal length of an mRNA encoding
a typical protein of 40,000 daltons (about 330 amino
acids) is approximately 1000 base pairs. In fact, the
average mRNA is about 1500 bases long, since typical
mRNAs contain both 5’ and 3’ untranslated regions,
some of which are involved in regulatory control of
mRNA stability and translation (Fig. 4).'® However,
the typical gene producing an average mRNA is five
to 10 times larger, containing numerous and often
large introns (Fig. 5). Just upstream and downstream
from the transcriptional domain are the signals for
initiating and terminating transcription.

This minimal size is still not sufficient to achieve

appropriate expression. This domain contains the se-
quence encoding the mature mRNA as well as regu-
latory sequences, called “promoters,” “operators,”
and “terminators” in bacteria, that specify to the tran-
scriptional apparatus of the nucleus where and when
to start and stop transcription. Although many of the
identified DNA sequences interact with protein factors
regulating transcription per se, by interacting with the
enzymatic machinery of transcription, other sequences
may interact with the physical structure of chromatin,
indirectly affecting the activity of the DNA template
over long distances.

It has not been possible in eukaryotes to define
contiguous promoter/operator sequences as were clas-
sically demonstrated by Monod and Jacob'® for Esch-
erichia coli. Instead, these functions in eukaryotes are
distributed over a number of specific short nucleotide
sequences, often called “boxes,” including the
“TATA” boxes, “CAAT” boxes, enhancers, silencers,
and hormone response elements.'” These regulatory
sequences or elements are often clustered in the region
just 5" (“upstream”) of the transcription start site but
may also be found within the transcribed region and
even downstream of a gene (Fig. 5). Moreover, many
of these elements may be separated by considerable
distance from the regulated gene. For example, the
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FIG. 4. Structure of a typical mRNA. In addition to the coding sequence, mRNAs contain additional
sequences that are involved in the control of mRNA stability and translational activity. Most
eukaryotic mRNAs contain considerable 5’ and 3’ untranslated sequences that subserve no

presently known function.

tissue-specific expression of both k and A light chain
genes is controlled by an enhancer located several
thousand base pairs downstream of the gene.'®*® All
these genetic control elements function by binding
special proteins, termed transcription factors, that rec-
ognize and bind to specific DNA sequences and are
also capable of modifying the activity of the tran-
scription complex, an assembly of proteins on the
DNA that can initiate transcription in concert with
RNA polymerase.'

The element most closely corresponding to the pro-
karyotic promoter is the TATA box. This element, with
a consensus nucleotide sequence “TAATA,” appears
to specify the start of transcription 20 to 30 base pairs
further downstream and, in most genes, is absolutely
required for transcriptional activity. As with its pro-
karyotic analogue, this element has tight requirements
for orientation and distance from the start site. Cu-
riously, some genes function quite well without a
TATA box; these genes often exhibit multiple tran-
scriptional start sites.”? Many genes have a second
orientation-specific signal, the CAAT box (similarly
named for its consensus sequence), located several
hundred base pairs upstream of the start site. These
two positive elements respond to constitutive factors
present in all tissues.

Enhancers, in contrast to promoters, stimulate tran-
scription through a mechanism, presently unknown,
that is independent of orientation and distance. In
addition to these defining properties, the biology of
enhancers encompasses several important general fea-
tures. First, their activity depends on interactions with
appropriate sequence-specific transcription factors.
Second, some enhancers are active only in the context
of other associated enhancer elements, and thus, their

activity may require cooperative binding of multiple
enhancer-binding factors.” ** Third, more than one
species of transcription factor may bind to a single
enhancer; thus, the activity of the enhancer often re-
flects competition among multiple transcription fac-
tors.” Fourth, the acute activity of transcription fac-
tors may be regulated by association with inhibitory
and/or modifying factors and/or by covalent post-
translational modifications, often reflecting signal
transduction from a hormone, cytokine, or other stim-
ulus. In addition, the expression of gene-encoding
transcription factor is often itself regulated. Finally,
enhancer-binding transcription factors are often mem-
bers of closely related gene families; different mem-
bers of the same family may display distinct patterns
of developmental and regulated expression, sequence
specificities, and ability to interact with other tran-
scription factors.

A classic example of hormonal regulation of im-
mune responses is that of glucocorticoid. Glucocor-
ticoids mediate their effects by binding to specific
intracellular steroid receptors that then bind to the
glucocorticoid response element, thereby controlling
the rate of transcription.”® Note, however, that glu-
cocorticoids and other stimuli may also affect the
levels of specific mRNA through posttranscriptional
mechanisms (see below).”® Like other transcription
factors, the glucocorticoid receptor is just one member
of the family of steroid receptors.”

Another well-known enhancer, the Ig k enhancer,
illustrates the several properties of enhancers listed
above. The transcription factor first identified as bind-
ing to the immunoglobulin k light-chain enhancer was
NF-x B.? Originally defined as a nuclear factor crit-
ically required for immunoglobulin-k gene transcrip-
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FIG. 5. Structure of a typical eukaryotic gene. Sequences that will appear in the mature mRNA
(including 5’ and 3’ untranslated regions) are contained with exons. Signals required for the
identification and removal of introns are contained at intron termini; additional sequences
governing quantitative and developmental aspects of transcription are contained upstream,
downstream, and sometimes within the gene itself. The structures are not drawn to scale.

tion in B cells,? k-like enhancers have been found in
a wide variety of genes expressed in many cell types
and in several significant viruses, including cyto-
megalovirus® and HIV-1.*"* NF-k B belongs to a
family of closely related genes.***’

The enhancing activity of NF-« B is under complex
regulation. Thus, NF-k B is usually present in the
cytoplasm as a 50 kd subunit complexed to both an
inhibitory factor I-k B,* and a modulating factor,
p65.% NF-k B can bind DNA in the absence of p65,
whereas p65 appears to regulate which DNA se-
quences are recognized by NF-k B. Moreover, p65 is
required for I-k B-inhibitory binding. Thus, lipopoly-
saccharide induction of B cells results indirectly in
the release of I-k B from the complex and transport
of a (NF-k B:p65), tetramer to the nucleus in which
it binds to DNA and enhances transcription of the
target gene.

NF-k B is also present in a constitutively active
form in most cell types in which it is required for
expression of class I MHC antigens.* *' This form of
NF-k B is also believed to interact with transcription
factors binding to an adjacent ISRE required for in-
terferon-rnediated induction of class I MHC expres-
sion.*? A similarly juxtaposition of immunoglobulin-
k~like enhancers and ISRE sequences is found in the
interferon-B* and double-stranded RNA-dependent
(2'5") oligoadenylate synthetase* genes. Similar se-
quences rnediate the transcriptional induction of HLA
class II antigen expression in endothelial tissues and
most if not all other genes that respond to either type
I or type II interferons.* Transcriptional regulation
via the ISRE is believed to reflect the activity of an-
other family of transcription factors.*s-*

Silencers are negative regulatory factors that inhibit
transcription of their associated genes. Like enhan-
cers, silencers are effective in either orientation and
relatively independently of distance. Since some en-

hancers can have the properties of silencers in certain
situations, it is likely that a given DNA sequence can
behave as either a silencer or an enhancer, depending
on which transcription factors they are binding. Im-
portant silencers are present in immunoglobulin* and
TCR* genes and are important in repressing immu-
noglobulin gene transcription in inappropriate tissues,
such as T cells and fibroblasts. Silencers may also be
involved in the phenomenon of allelic exclusion in
which an active immunoglobulin gene represses the
expression of other immunoglobulin genes in the same
cell (see below).

A program of DNA rearrangements®

Ab gene rearrangement is a special form of sire-
specific recombination in which enzymes called re-
combinases recognize specific DNA sequences and
catalyze the physical rearrangement of often unlike
sequences. Highly specialized systems of site-specific
recombination have evolved in many organisms to
handle host-parasite or sexual interactions. Examples
include the integrative lysogeny of bacteria by bac-
teriophages,”' retrovirus integration into host DNA,>
mating-type (sex) switching in yeast,** antigenic phase
variation in trypanosomes,™ and the formation of ac-
tive Ab and TCR genes.>® All these systems involve
a form of phase or clonal variation in which a gene
or function is turned “on” or “off.”

A mature Ab or TCR gene encodes N-terminal vari-
able (V) domains required for Ag-binding, and
C-terminal constant domains that carry out other func-
tions, such as Fc receptor binding. As encoded in the
sperm and egg and most somatic cells, immunoglob-
ulin and TCR genes are defective. They are broken
in three or more pieces or modules that, for a variety
of reasons, cannot be joined through RNA splicing
mechanisms and thus cannot, on their own, be ex-
pressed as functional mRNA. The germline contains
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a large number of distinct but interchangeable V mod-
ules and a small number of functionally distinct but
interchangeable C modules. In addition, between the
V and C regions are two sets of interchangeable mod-
ules, termed D (for “diversity”) and J (for “joining”)
segments, that must also be incorporated into a func-
tional gene. To illustrate this process, we will follow
the course of heavy chain Ab gene rearrangement;
light chain and TCR gene rearrangements are quite
similar.

An immature B cell expresses neither heavy chain
nor light chain immunoglobulin proteins or mRNAs,
and their genes are in the germline configuration (Fig.
6). Constant w mRNA of dubious function is some-
times synthesized in these cells, indicating the pres-
ence of a cryptic promotor and limited transcriptional
activity of w region chromatin. As development pro-
gresses, chromatin containing the variable regions be-
comes accessible to DNA binding proteins, but vari-
able region transcription is limited because of the fact
that several important enhancers are located in the
constant region, too far away to exert their “location
independent” function.

At this juncture, specific recombinases recognize
specialized sequences, joining signals, located at the
3’ end of a germline V module and at the 5’ end of
one of several available D modules. The recombinases
catalyze the fusion of the two modules by a mecha-

nism that removes the recombinogenic signals so that
the new fused VD module has lost both original sig-
nals. The 3’ end of the D module contains another
recombination signal, however, which catalyzes a sec-
ond fusion via a reciprocal signal at the 5’ end of one
of several available J modules, creating a VDJ mod-
ule. Rearrangement ceases because the VDJ module
contains no further recombinogenic signals. The
choice of V, D, and J modules is essentially random,
occurring before exposure to Ag. Two additional ran-
dom processes, occurring at the time of rearrange-
ment, contribute significantly to the generation of Ab:
imprecise removal of the recombinogenic signals and
insertion of extra base pairs into the DNA joint. The
sequences of the V, D, and J modules all appear in
the protein coding region of the mature mRNA, and
all contribute to the Ag-binding sites of the Ab protein.
Since there are hundreds of V modules, half a dozen
D and J modules, and hundreds of possible modifi-
cations to the joints themselves, the combinatorial
possibilities number in the tens of thousands, ac-
counting for a considerable proportion of Ab diversity.
The remainder of Ab diversity is largely contributed
by the combinatorial effect of the Ab light chain,
derived through a similar process.

After this round of rearrangement, the VDJ module
is still not connected with the first available C region,
encoding the p heavy chain of IgM. The exon se-
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quences of the VDJ modules are spliced together post-
transcriptionally to the exon sequences of the C re-
gion, resulting in mature u mRNA.

After a particular rearrangement is complete, the
new gene can be transcribed, spliced, and translated
into the V domain of a specific Ab. At this point the
process of clonal selection can begin in which im-
mature B cells expressing Ag-reactive surface IgM
can be stimulated by T cells and cytokines to mature
and proliferate.

Isotype switching®®

There is an additional complexity in the structure
of the immunoglobulin heavy chain genes that helps
in understanding the control of immunoglobulin iso-
type production. For example, an Ab response, ini-
tiated by some specific allergen, is likely to begin as
an IgM response and then, by a process of immu-
noglobulin class switching, converts to synthesis of
other isotypes, such as IgG or IgE. This switching of
Ab heavy chain class does not involve any change in
the specificity of the Ab molecule in question because
the VDJ module of the heavy chain gene, encoding
the Ag-binding portion of the molecule, remains in-
tact. The exons that encode C domains of the various
heavy chain isotypes are arrayed in a linear fashion
downstream (or 3') from the V region exons, se-
quentially encoding IgM, IgD, each of the IgG sub-
classes, IgE, and IgA heavy chain C modules. Thus,
a single lineage of B cells can produce IgM, IgG,
IgA, or [gE Abs, all with identical VDJ modules, but
bearing distinct heavy chain isotypes.

In most cases, however, any one cell can express
only a single heavy chain at one time. To permit
developmental expression of different heavy chain
isotypes, B cells undergo another kind of DNA rear-
rangement that connects a functional VDJ module
with a new C isotype module. Thus, in the production
of a functional IgE heavy chain gene, heavy chain
switching deletes all of the DNA from the beginning
of the w locus to the beginning of the € locus. Switch-
ing is mediated by homologous recombination be-
tween switch regions located 5' of each heavy chain
locus. Under the influence of various cytokines,
B cells can undergo another kind of DNA rear-
rangement that connects a functional VDJ module
with a new C module. The regulation of isotype
switching is at least partially under the control of
cytokines.

Initiation of transcription

The initiation of transcription involves the identi-
fication of the transcription start site on a gene by the
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initiating transcription complex and the commence-
ment of transcription by RNA polymerase and asso-
ciated transcription factors.” Eukaryotic mRNAs are
initiated with a special methylated-guanosine nucleo-
tide called the “CAP” (Fig. 4), which is required later
for recognition by the protein factors responsible for
recruiting mRNAs to the ribosome and initiating trans-
lation. Thereafter, the transcription complex traverses
the entire gene, which is typically several thousand
base pairs long, but may reach as high as several
hundred thousand base pairs. As mentioned early, the
bulk of the primary transcript consists of intron se-
quences that do not encode protein but may contain
enhancer elements and other regulatory sequences.

Termination and polyadenylation

Transcription by the initiation complex continues
past the end of the mature mRNA; termination is a
poorly understood but active process. It appears that
special terminator sites are specifically recognized by
the transcription complex, at which point the complex
disengages from the DNA template, and the primary
transcript is released. Termination itself does not cre-
ate the 3’ end of the transcript. Rather, coupled with,
or soon after termination, the transcript is cleaved just
downstream of a polyadenylation motif on which a
track of about 200 adenylate residues is added at the
cleavage site.® This poly (A) “tail” is involved in
stabilizing the mature transcript in the cytoplasm.®'

Posttranscriptional processing

The completed transcript passes from the transcrip-
tion complex into a much larger structure, consisting
of proteins and special small nuclear RNAs. This or-
ganelle, termed the “spliceosome,” carries out the
complex and still mysterious steps of splicing, the
removal of introns and ligation together of the ends
of exons, all in the proper order, to produce a mature
translatable mRNA %

The spliceosome scans the transcript to identify ex-
ons and then splices two exons together. As in so many
other processes, special sequence signals are recog-
nized by the spliceosome apparatus to identify the ends
of exons. This process continues until no more introns
remain, after which the mature mRNA is disgorged
from the spliceosome and passed through a pore in
the nuclear envelope into the cytoplasm.

The regulated production of w,, and p, mRNA is
dependent on the relative efficiencies of p, poly (A)
site usage and the Cp4-to-M1 splice.” Transcripts
of many genes can be terminated, polyadenylated, or
spliced in different ways to generate distinct mRNAs
encoding proteins with different properties. The ex-
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FIG. 7. The mechanism of regulating membrane-bound versus secreted immunoglobulin. The
two forms of immunoglobulin can be generated from a single gene by one of two competitive
mechanisms. In some cells, cleavage and polyadenylation at the p, site irreversibly generates
secreted immunoglobulin (pathway 7). Cleavage and polyadenylation at p., generates a longer
transcript still containing .. In some cells the rate of secondary use of p, is much slower than
the rate of splicing to remove the last intron (pathway 2). In most B cells, however, p, is
inefficiently used to generate the primary transcript; most primary transcripts use p,. Production
of secreted immunoglobulin then depends on competition between the rates of secondary
cleavage at p, (pathway 4) and splicing to remove p, (pathway 5).

ample of alternate termination choice of IgM (w)
heavy chain transcripts has been well studied and most
likely illustrates the general mechanism of regulating
whether immunoglobulin heavy chains are secreted or
membrane bound. The p gene has two polyadenyla-
tion sites and two termination sites (Fig. 7). The p,
site lies within the last intron of the gene, whereas
the ., site lies within the last exon. The last exon
encodes a peptide that anchors the immunoglobulin in
the membrane. When transcripts terminate within the
intron at the p, site, the last exon is not expressed
and a secreted Ab is produced. In contrast, if tran-
scription bypasses the ., site, a longer transcript is
generated containing two potential polyadenylation
sites.

The decision to produce secreted Ab is regulated;

the mechanisms by which the B cell makes this com-
mitment is controversial. In a few plasmacytomas,
termination downstream from the w,, polyadenylation
site assures that cleavage will occur at p,, and that
splicing will include the last exon in the mature
mRNA. Termination and cleavage appear to be cou-
pled in such cells, and the choice between producing
membrane-bound versus secreted IgM depends largely
on the activity of the p, site.

However, in most other plasmacytomas and B cell
lines, secreted IgM can still be generated from tran-
scripts that initially polyadenylate at w,, (Fig. 7). Note
that transcripts with ., still must be spliced to remove
the last intron, and until they do so, p, still is present.
Splicing the last intron out will commit the transcript
to encoding membrane-bound IgM. A second cleav-
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NUMBER 4
First A G c U Last
Base Base

Lysine Arginine Threonine Isoleucine A
Lysine Arginine Threonine | Methionine/ G
A (initiate)
Asparagine Serine Threonine Isoleucine C
Asparagine Serine Threonine Isoleucine U
Glutamate Glycine Alanine Valine A
Glutamate Glycine Alanine Valine/ G
G (initiate)
Aspartate Glycine Alanine Valine c
Aspartate Glycine Alanine Valine U
Glutamine Arginine Proline Leucine A
Glutamine Arginine Proline Leucine G
C
Histidine Arginine Proline Leucine c
Histidine Arginine Proline Leucine U
(terminate) (terminate) Serine Leucine A
/Selenocysteine
U (terminate) Tryptophan Serine Leucine G
Tyrosine Cysteine Serine Phenylalanine | C
Tyrosine Cysteine Serine Phenylalanine | U

FIG. 8. The genetic code. Most codons are interpreted by the translation machinery in one way
only; however, each amino acid may be encoded by more than a single codon. Note that the
redundancy or “degeneracy” of the genetic code largely involves the third or “wobble” position
of the codon. Context-dependent translations are shown in bold. Note that initiation always
inserts a methionine (or formyl-methionine for bacteria, mitochondria, and chloroplasts). Minor
differences in codon translations are found in some mitochondria, chloroplasts, and protozoans.

age/polyadenylation reaction can still occur at .,
however, committing the transcript to encoding mem-
brane-bound IgM. In this case, regulation appears to
depend on competition between splicing and a second
cleavage.

The genetic code and the genetic
decoding ring

The mature mRNA is exported to the cytoplasm to
be translated into protein; the latter may be the most
complex process of all. The information contents of
genes and mRNA are determined by the linear se-
quences of their bases. Thus, if the collection of all
genes in an organism (the genome) is viewed as a
library and the genes encoding specific proteins as the
books, the actual information is determined by an
alphabet of only four letters (the ribonucleotides A,
C, G, and U), while triplets of nucleotides (called
codons) are the words.

Each codon specifies a particular amino acid (Fig.
8). There are 64 possible combinations of the four

letters A, C, G, and U of RNA, and thus, in principle,
64 different amino acids could be specified with this
genetic code. Until recently, only 20 amino acids were
known that were actually encoded by mRNAs. Re-
cently, it has been determined that a twenty-first amino
acid, selenocysteine, is also encoded by mRNAs,*
and minor variations in the code are found in mito-
chondria and certain protozoans.® Other amino acids,
such as phosphotyrosine and phosphoserine, are pro-
duced posttranslationally by specific enzymes.

Since 64 codons encode 21 amino acids, it is not
surprising that there is substantial redundancy or de-
generacy in this genetic code. For example, four co-
dons, CCU, CCC, CCA, and CCG, are all translated
by the ribosome as the amino acid proline.

Punctuation marks are also important in understand-
ing the code. The initiator codon is usually AUG, and
occasionally GUG. As a consequence of the mecha-
nism of peptide chain initiation, this codon also spec-
ifies the amino acid methionine (or formyl-methionine
in bacteria and mitochondria). In eukaryotes, the ini-
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FIG. 9. The genetic decoding ring. Deciphering the genetic
code requires two key steps. Codons are identified by the
ribosome and are then paired by complementarity with
the anticodons of amino-acylated (“charged”) tRNAS; the
ribosome is also responsible for joining the incoming
amino acid to the nascent polypeptide chain. The proper
charging of RtNAs, however, requires the exquisite spec-
ificity and proofreading abilities of amino-acyi tRNA syn-
thetases. Each one of these enormous enzymes recognize
a particular species of tRNA via the acceptor stem and
joins it to the correct amino acid. Synthetases can also
identify and destroy incorrectly paired amino-acyl tRNAs.

tiator codon is additional signalled by the presence of
a “Kozak” sequence just upstream of the initiator
codon® and sometimes by additional sequences down-
stream of the initiator codon.®” Three codons are often
referred to as “nonsense” codons but can also be
viewed as “termination” codons, and, for historical
reasons, were named the ochre (UAA), amber (UAG),
and opal (UGA) codons. Selenocysteine is also en-
coded by the opal (UGA) codon. There are no commas
in the genetic code.

Any code, hence its information content, is indis-
tinguishable from random noise unless an appropriate
decoding device can meaningfully translate it. Perhaps
even more central to life, and more ancient than the
genetic code itself, is the genetic decoding ring. This
decoding device or translation mechanism consists of
a set of specialized tRNA molecules, a corresponding
set of tRNA synthetase enzymes, and the ribosome.
A tRNA is a tightly coiled structure of about 73 base
pairs, often drawn as the familiar cloverleaf (Fig. 9).
At the base of the tRNA is the anticodon, known to
interact with the codon of an mRNA. At the top of
the structure is the acceptor stem. A charged tRNA
is covalently linked at its 3’ hydroxyl group with the
amino group of an amino acid.
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Two features of tRNAs are essential to the pro-
cessing of deciphering the 4 base/64 codon language
of DNA/RNA into the 21 amino acid lexicon of pro-
teins. The first of these features makes use of the same
mechanism of nucleotide base complementarity used
in replication and transcription. Thus, each kind of
tRNA has a distinct anticodon, a triplet of bases com-
plementary to a particular codon.

Second, tRNAs for each amino acid are recognized
by a particular enzyme, amino-acyl tRNA synthetase.
Each of the amyino-acyl tRNA synthetases is a large,
complex protein required to recognize a particular
tRNA and a particular amino acid with great fidelity
and mediate their correct attachment. Some synthe-
tases can even recognize incorrectly charged tRNAs
and uncharge them. It should be clear that tRNA syn-
thetases provide the crucial span between the digitized
information of the DNA/RNA world and the “ana-
logue” information of the protein world. It has long
been considered, with some experimental support,
that tRNA synthetases mediate this information trans-
fer by recognizing the anticodon itself. More recent
evidence indicates that tRNA synthetases largely ig-
nore the anticodon completely but instead recognize
unique features of the acceptor stem® of each tRNA.

The process of protein translation occurs on cyto-
plasmic organelles termed ribosomes. (Mitochondria,
the powerhouses of the eukaryotic cell, contain their
own DNA and their own unique ribosomes.) The ri-
bosome is a massive organelle consisting of two large
and probably enzymatic RNAs and numerous ribo-
somal proteins.

The initiation of translation requires the activity of
a cascade of initiation factors that recognize the 5’
terminal CAP structure of mRNAs and a special
tRNA, initiator tRNA, that is attached to the amino
acid methionine. As the 5’ end of the mRNA is fed
into the reading head of the ribosome, the ribosome
scans the mRNA sequence for a special sequence that
serves as a warning flag, as it were, that the coding
region is about to be read. Charged initiator tRNA,
accompanied with its own special protein cofactors,
enters the ribosome and is used by the ribosome to
scan for the first available initiator codon. The initi-
ating codon then defines the reading frame of the
mRNA, and the initiating methionine becomes the
N-terminus of the nascent peptide. The mRNA is
ratcheted forward exactly three positions to bring the
next codon into the reading head. As each codon en-
ters the reading head, the ribosome samples available
charged tRNAs until the correct anticodon is found.
Then, a peptidyl-transferase activity concertedly
cleaves the covalent bound between the amino nitro-
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FIG. 10. The PCR. This powerful technique depends on the exponential replication in vitro of
specific DNA sequences orchestrated by synthetic oligonucleotide primer sequences. The target
sequence (segment A < B) is often extremely rare and imbedded in irrelevant flanking se-
quences. In step 1, double-stranded DNA is heat denatured to separate the two strands and
allowed to anneal to specific primers. Primer A is complementary to the sequences at the 3’
end of the top strand, whereas primer b is complementary to the sequence the 3’ of the bottom
strand. In step 2, the heat-stable Tag polymerase enzyme is used to synthesize new DNA on
both strands. Note that this enzyme will not synthesize new DNA in the absence of a correctly
base paired primer. In step 3, the double strands are heat denatured again. After cooling and
reannealing with primer, both the original strands and the new daughter strands are able to
serve as templates for an additional round of synthesis. In step 4, the products of step 2 serve
as templates. The new products of step 4 are short sequences corresponding exactly to the
target segment A < B. Thereafter, each cycle (step 6) doubles the number of A « B segments;
after 30 cycles, there are 2% or one billion specific daughter molecules.

gen of the amino acid and the tRNA and forms a new
peptide linkage with the carboxyl terminus of the nas-
cent peptide. The used tRNA is released, and the
process continues until a termination codon is found.

Termination and codon context® 7

Although the initiator codon interacts with a unique
tRNA and encodes an amino acid, there are no ter-
mination tRNAs; when a termination codon is found,

the ribosome simply waits for a nonexistent tRNA to
come in. A similar situation also occurs in cases of
amino acid starvation, when a particular charged
tRNA may become scarce. If no charged tRNA ar-
rives, the ribosome may decide to terminate, to wait
longer, or to signal an amino acid deficiency to the
cell. The mechanism of this decision is not well un-
derstood but appears to depend on codon context. This
is a subtle feature that is critical in certain situations
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FIG. 11. Production of recombinant cytokines. The desired
cytokine gene is expressed first in its eukaryotic source.
This correctly removes intron sequences to generate a
mature mRNA that is copied with the enzyme reverse
transcriptase to generate a “copy DNA" (cDNA). The
c¢DNA is then cloned into a new vehicle that contains reg-
ulatory sequences designed for efficient expression in the
recombinant host (such as £. coli).

and emphasizes the role of the decoding device in
making sense of genetic information. For example,
the decision to translate the opal codon as selenocy-
steine instead of as a terminator is probably decided
by sequences downstream of the opal codon itself, as
detected by the ribosome. In addition, ribosomes are
capable of shifting the reading frame at particular po-
sitions in some mRNAs to generate alternate proteins.

Posttranslational processing

As the protein passes from the ribosome into the
endoplasmic reticulum, it also leaves the strict prov-
ince of molecular biology and of this discussion. The
protein undergoes posttranslational modification, such
as phosphorylation, attachment of carbohydrate
groups or other radicals, and cleavages before trans-
port to its cellular (or extracellular) destination. Many
of these modifications depend, as we should expect,
both on the presence of specific amino acid sequence
signals in the protein and on the context of each signal.
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Genetic engineering’"- 72

Genetic engineering techniques have transformed
molecular biology from being simply an academic
discipline into a mainstream industry, with major cur-
rent applications in agriculture and medicine. There
are far greater potential applications in the future, for
example, in the synthesis of “designer” enzymes.

The extraordinary power of recombinant DNA tech-
nology derives directly from our capacity to manip-
ulate DNA and RNA in the test tube and to reexpress
that information as proteins in vitro or in living cells
of our choosing. Many of the important products at
this point are themselves the reagents used in molec-
ular biology, such as restriction enzymes and DNA
polymerases. Other products include cytokines and
other proteins, which can now be produced in great
quantity and exceptional purity for therapeutic and
other medical uses. Of great importance to allergists,
especially, is the ability to study the function of cloned
IgE receptors™ ™ and the recent isolation through mo-
lecular cloning techniques of specific allergens.”
This development has permitted identification of spe-
cific IgE-reactive epitopes involved in the acute al-
lergic reaction.”* Moreover, this approach will soon
enable the molecular identification of allergenic epi-
topes reactive with T cells responsible for the initiation
of allergy.®

With the use of certain highly variable gene se-
quences and the use of appropriate enzymes that rec-
ognize and cleave specific DNA sequences (restriction
endonucleases), it is possible to obtain DNA finger-
prints of restriction fragments characteristic of any
particular gene derived from a specific individual. By
electrophoresis of such fragments and hybridization
to complementary radioactive probes (Southern blot-
ting), a restriction fragment length polymorphism
analysis can be performed. This permits following the
inheritance of a specific polymorphic gene within a
family or, for example, in a cohort of patients with a
particular disease.* Other enzymes (polymerases and
transcriptases) make possible the in vitro replication
of DNA and RNA based on a nucleotide template
obtained from a natural gene or a synthesized segment
of a gene.

The PCR is proving to be one of the most powerful
new tools of the molecular biologist and deserves es-
pecial explanation in this forum.** PCR makes use
of the fundamental complementarity between two
DNA strands and the mechanism of DNA synthesis
in which DNA polymerase can copy one new daughter
strand from each template strand during each round
of synthesis (Fig. 10). To begin the reaction, the sam-
ple is heat denatured to separate the two strands of
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DNA. The user then cools the sample and supplies
DNA primers, usually obtained from automatic oli-
gonucleotide synthesis, which can hybridize specifi-
cally to zach of the 3’ ends of the denatured target
sequence. The primers are chosen carefully to avoid
artifact-generating cross-hybridization with other se-
quences in the sample. In the presence of all needed
nucleoticle triphosphates, a heat-stable DNA poly-
merase generates a new DNA chain from the 3’ end
of each hybridized primer to complete a double-
stranded DNA product. Thus, from one double-
stranded starting molecule, two daughter molecules
are generated. The two strands are denatured again,
allowed to rehybridize with primers (which were pro-
vided in vast molar excess), and the process is re-
peated. With each round, the number of specific tem-
plates doubles. Multiple cycles of automated dena-
turation and polymerization yield a “chain reaction”
of exponential increase; after 30 cycles (several hours
on an automated thermocyling machine) there are 10°
product molecules! Although PCR can easily amplify
artifacts caused by trace contaminants or cryptic ho-
mologies between primers and unwanted DNA se-
quences, its simplicity of design and rapidity of ex-
ecution has made this technique one of the premier
tools of genetic engineering®; because of its extreme
sensitivity, PCR will be particularly useful in prenatal
diagnoses,®** biopsy, forensic medicine, and other
applications in which tissue samples may be lim-
ltlng . 94-98

Together, these techniques enable the construction
of entirely new genes (“designer genes”). This is a
complex process; it requires not only isolation and
reproduction of the coding portion of a gene but also
assembly, usually within a bacterial or viral gene, in
the company of the enhancers and/or promoters that
will assure appropriate expression in a specific tissue
or microorganism (Fig. 11). The novel gene con-
structs can then be transferred to other cells, a process
termed transfection, in which their function may be
expressed in vitro or they may be introduced into the
genome of an intact organism. Many strategies for
gene therapy make use of the former approach. Al-
ternatively, the designer genes may be introduced into
embryos or embryonic stem cells and incorporated
into the genetic material of the developing embryo.
The engineered gene may then be stably expressed in
appropriate tissues throughout the life of the “trans-
genic animal” and later passed on to subsequent gen-
erations. As a consequence, new life forms, unknown
in nature, are now regularly produced in the scientific
laboratory, resulting in such dramatic results as the
expression in transgenic mice of human genes and the
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production of their corresponding human protein prod-
ucts. Moreover, the expression of human genes in
bacteria presently offers the capability of synthesizing
essentially unlimited quantities of potent new thera-
peutic agents, such as interleukins, interferons, and
other polypeptide hormones and their derivatives.
Thus, as medicine faces its future, the concepts and
technologies of molecular biology offer opportunities
and challenges unimaginable as late as 20 years ago
and which are almost certain to impact directly on
delivery of care to our patients in the very near future.
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