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century by-a botanist experimenting with plant hybridization. The discovery of
the laws of biological inheritance by Mendel eventually led to the understand-
ing of these mechanisms and provided the answer to a crucial question—the
source of individual variation, a question that had plagued Charles Darwin.

PRINCIPLES OF INHERITANCE

Johann Gregor Mendel (1822-1884), often described as the founder of the
science of genetics, spent most of his life as a member of the Augustinian
orderina monastery in Brunn, Czechoslovakia. He had been an excellent stu-
dent but had been forced to discontinue his studies because of ill health and
poverty. On entering the priesthood he was able to continue his education, in
part as preparation for teaching in the local secondary schools. Mendel stud-
ied in Vienna under leading natural scientists of the period, and far from
being an isolated, obscure, ill-trained monk as has been described, he was well
educated for the period. Most important for the future of genetics, Mendel
came under the influence of Franz Unger, a botanist whose theory on the
importance of varieties in natural populations probably was the stimulus that
caused Mendel to begin work on the problem of inheritance (see Mayr 1982).

Whatever the influence, Mendel spent years studying plant hybridiza-
tion, and he is best known for his extensive experiments on cross-pollination
of common varieties of garden pea (Lathyrus). Mendel was fortunate in his
choice of characteristics because they happened to be traits of simple inheri-
tance: The plants bred true without intermediate traits—that is, each suc-
ceeding generation possessed traits like the parental generation. He cross-
pollinated these plants for color, shape, size, and form of seed pod. Analysis
of these multiple crosses led Mendel to derive the hypothesis that an organ-
ism’s characteristics were inherited as discrete units or elements and not
through a blending of parental traits, as was assumed in Mendel’s day.

In some of his earliest experiments Mendel crossed plants that had violet-
red blossoms with plants that had white (colorless) blossoms and produced
hybrids that all had violet-red blossoms. But when these hybrids were crossed
they produced a mixture of white and violet-red (Figure 2-1). Also, plants of
different stem length were crossed (tall with dwarf), and the F, (first filial)
generation were all of the tall variety. Crossbreeding of plants of this hybrid
generation (the F,) produced a mixture of tall and short plants. Mendel
sought to explain these results by hypothesizing that these traits were deter-
mined by a pair of elements. One of the elements, or heredity particles, was
dominant over the other, and they segregated independently in each genera-
tion—the Law of Independent Segregation. Mendel continued these kinds of
experiments many times, and his results were close to a certain ratio of traits
in the F, generation as diagrammed in Figure 2-1. The relative frequency of
these traits is known as the Mendelian ratio.
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FIGURE 2-1 Diagram of Mendel’s Experiments and the Results.

Experiments crossing plants selected for a difference of two traits pro-
duced dihybrids with a certain ratio of these traits among the F, generation,
as was the case with crosses of single traits. These results demonstrated that
traits such as seed shape and color were determined by paired elements that
independently assorted in ovule and pollen (diagram in Figure 2-2). The rep-
etition of such experiments produced results that could be predicted because
they always fell within close range of the expected, establishing the Law of
Independent Assortment. Thousands of experimental crosses of plants, selecting
for single or paired traits, proved the correctness of Mendel’s hypothesis and
demonstrated the mechanisms of inheritance.

Mendel’s work remained unappreciated during his lifetime, partly
because cellular structures and their functions were just being discovered and
partly because of a choice of traits that just happened to have a simple mode
of inheritance. It was not until 1900 that particulate inheritance was recog-
nized as the mode of transmission of characteristics between generations.
Three botanical researchers (de Vries, Correns, and Tschermak), working
independently on plant hybridization, provided experimental support. Within

The Biological Basis for Human Variation
37

(a) Pea Shape and Color (b) Dihybrid Cro
SS

Fy Fy
Round
Yellow Arvy x Rrvy i
Round Wrinkied Yellow
Yellow

G Egg lCells Polien Grains

Polien

B—
|

Round Round Wrinkled Wrinkled
Yellow  Green Yellow Green

F, phenotypes:

Expected Ratio: 9/16 3/16
: 3/16
Mendel's Results: 315 108 106 1é126

FIGURE 2-2 Independent Assortment: Mendel's Second Law.

When Mendei crossed plants, selecting for two characteri
each character assorted independently. Diagram A show
eration that, when crossed, produces four different chara

stics at a time, he found that the paired factors for

s the cross of plants to produce a “dihybrig”
© ¢ brid -
Cteristics, shown in diagram B. ’ o

less than a decade other scientists show
also followed Mendel’s laws. These stu
that followed during the earl
tions of modern genetics.

(?d that inheritance of traits in animals
dies and the thousands of experiments
y decades of this century established the founda-

The Gene

ir; 1131(1)31,1216 element described by Mendel became known as the gene, a unit

nce—a term derived from the Greek root :

. become or t

grow out of). Each species has a speci i e .
pecific quantity of genes numbering i

thousands or tens of thousands. It is estimated that our species, for efalrrxll;:lee

h
as between 50,000 and 100,000 genes. Geneticists recognized earlv that



. The Biological Basis for Human Variation

genes segregated just as did chromosomes, the darkly staining, threadlike
bodies in a cell’s nucleus. Groups of these genes are arranged lineally along
the chromosomes. The locus, or position, of each gene in this linear sequence
has a special significance for determination of a trait. For example, the repro-
duction of dihybrids for color and seed shape, as in Mendel’s experiments,
suggested that the locus for seed color is on a different chromosome than the
locus that carries the gene for seed shape. In addition, there may be more
than one form of gene for each locus—for example, one that determines that
the seed is green or one that determines that the seed is yellow. These alter-
nate forms of the gene for a particular characteristic were called allelomorphs,
from which the term allele is derived as used today to describe the variety of
gene forms of a trait. Again, in reference to Mendel’s study, we see that some
alleles are dominant to others, as was the case with plant color shown in Fig-
ure 2-1. The paired combination of alleles, one carried at a locus on each of
the chromosomes of the pair, is called the genotype. Hence, the genotype, or
heredity type, for color may be CC, Cc, or cc. The trait that is the result of the
genotype combination is the phenotype (the visible type or trait).

Chromosomes and Cell Division

Each cell of an organism contains several pairs of chromosomes within- its
nucleus. When the cell grows and eventually divides, as in cell reproduction,
these chromosomes undergo several changes that alter their shapes prior to
division. They reorganize from the irregular threadlike bodies of darkly stain-
ing material to form shorter, thicker structures. The chromosomes are recog:
nized as independent bodies at this stage and each appears as two joined
strands. These strands are called chromatids and are held together at a point
along their length called the centromere. During cell division, or mitosis, the
chromatids of each chromosome are pulled apart and each is attracted to
opposite poles of the cell, which become the center for the formation of the
daughter cells (see Figure 2-3). The end result of mitosis is to double the
number of cells with an even distribution of chromosome materials between
the daughter cells. During the interphase, or resting stage, the missing halves
of chromosomes (the chromatids) are duplicated from materials in the cells’
cytoplasm, and the chromosomes are then completed and will be ready for
the next cell division. The splitting of each chromosome in half and the move-
ment of the chromatids into the daughter cell ensures that each cell has a full
and identical complement of genes. Such a process allows tissues to grow and
still maintain their identity and special functions.

The number and sizes of chromosomes of the body’s cells, or diploid
number, is fixed for each species. For example, this distinctive array, or karyo-
type, in Homo sapiens has forty-six, whereas the chimp and gorilla have forty-
eight and the gibbon forty-four. The fortysix chromosomes in our species
are arranged as twenty-three pairs, of which twenty-two are known as auto-
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somes and one pair, the sex chromosomes, are responsible for initiating sex

determination. The sizes of the chromosomes of the same pair are identical,

and, though there is some similarity between certain pairs, the structural

uniqueness of each pair of autosomes sets them apart and prevents the com-
bining of chromosomes from different pairs, though occasionally a frag-
ment from one chromosome will attach to a chromosome of another pair
(nonhomologous). This translocation frequently causes severe disruption of
the cellular functions, which almost always leads to destruction of the cell.
If abnormal chromosome form or number occurs, the zygote (fertilized
ovum) will not grow and divide beyond a few divisions, and only rarely will
it reach the embryo stage. There are, however, occasional abnormal combi-
nations of chromosomes. The bestknown example is Down syndrome, for-
merly called Mongolism." An individual with this affliction has forty-seven
chromosomes instead of forty-six because of an extra chromosome at the
twenty-first pair, or trisomy. Down syndrome includes a group of abnormal
physical traits in addition to a varying degree of mental retardation. Several
other syndromes, described below, are due to abnormal numbers of sex
chromosomes.

Because the number of chromosomes is critical and must remain con-
stant from one generation to the next, a basic problem of sexual reproduc-
tion is how to ensure that an equal number of chromosomes are passed on
to the next generation. Because sexual reproduction involves a combina-
tion of materials from two individuals in order to produce the offspring,
this problem of the maintenance of the species’ chromosome number is
solved by a process of cellular reduction and division known as meLosis.
Meiosis is, to a certain extent, comparable to mitosis of somatic cell division,
with several important exceptions (see Figure 2-3). A major distinction is
one of chromosome number: The dividing cell separates the homologous
chromosomes shortly before division. The cells, now with only twenty-three
chromosomes or one from each pair, continue to divide and, during the
second metaphase, the chromatids are pulled apart. The final stage pro-
duces cells, the gametes, with one half the number of chromosomes, the hap-
loid number.

The germ cells, whose major function is production of the gametes
(eggs in the case of a female or sperm in the case of a male), are formed in
specialized tissues found in the gonads. These cells undergo meiosis, which
divides the chromosome pairs to form a gamete able to combine with a
gamete of the opposite sex in order to form the fertilized egg or zygote. This
fertilized egg pairs up chromosomes from each parent in order to duplicate
the proper number of chromosomes for the species. This process of sexual

‘Langdon Down, a nineteenth-century London physician, described patients with a par-
ticular type of congenital mental deficiency as “typical mongols.” These individuals, because of
their general appearance of a broad, flattened face, epicanthic eye folds, and other features, were

likened to the Mongoloid race.
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carries a gene essential for maleness—the testes determination factor (TDF).
The products of this gene will stimulate the development of testes from the

tion of the male reproductive system consisting of the prostate gland, seminal
vesicles, and vas deferens of the testis; they also organize the shaping and growth
of the external genitalia. Another gene (the HY), carried on the long region of

and these add to the complexity of biochemical and Physical sex identity. In sum-
mary, the early embryo stage follows a basic development plan that is female
unless altered by the action of the products of certain Yinked genes.
Chromosome determination of sex usually proceeds as expected and sex
identity is established, but on rare occasions the opposite turns out to be the
case. About once in 20,000 male births, there is an individual born with a pair
of XX chromosomes. What has occurred is that during meiosis in the male

was lost and a sperm was produced with this deficiency. Hence, an embryo
bearing the X plus defect Y would develop, following the basic female body
Plan because it lacked the hormonal stimulation to determine the male sex.
There are numerous other variations in sex determination recorded, but
these mostly involve differences in the number of the sex chromosomes. Such
deviation from the sex chromosome pair usually yields an individual with

abnormal developmental characteristics, Occasionally (about once in every
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syndrome). Males with an extra Y chromosome (47, XYY) have also been
recorded. These are normal males, with the exception of their greater-than-
average height. Early studies of this condition described a possible association
with certain behavioral pathologies and pointed to a supposed high frequency
of the XYY condition among mental patients and prison inmates. Subsequent
studies, however, found that only a small number of individuals with this syn-
drome were institutionalized (about 4 percent), whereas the remaining 96
percent of XYY males had normal behavior patterns indistinguishable from
those of the rest of the male population. The presence of an extra Y chromo-
some does not predispose a male to social pathology, but it has remained a
karyotypic curiosity much misunderstood for a long time (Witkin etal., 1976).
Another example is the birth of a female with only a single X chromosome
(once in every 3,500 female births). She will have a series of anatomical
defects known as Turner syndrome (45, XO) and the diploid number will be 45
instead of the normal 46. Such individuals have poorly expressed secondary
sexual characteristics and tend to be shorter than normal.

The major significance of the X and Y chromosomes, in addition to sex
determination, is the influence that the genes that are carried on these chro-
mosomes have on the development of secondary sexual characteristics of
form, final adult size, and growth rate and pattern during adolescence. Simi-
lar to the distinguishing influences seen in embryonic development, the sex
chromosome differences continue to influence child growth. Females reach
puberty and pass through their adolescent growth spurt an average of two
years earlier than males, and during this growth period they acquire the sec-
ondary sexual characteristics that so distinguish male and female. Bodily pro-
portions depart from the childhood form as the pelvic girdle grows more
rapidly than the pectoral region (across the shoulders). But linear growth
ceases sooner than in the male, resulting in a lower average height. Head and
face growth also proceed more slowly, and females retain more of a childlike
shape in these two regions. Males in most populations are significantly larger
in body size and differ in bodily proportions. They differ also in body hair dis-
tribution and density from females, especially in facial hair. These differences,
and more (detailed later in Chapter 5), are the result of certain genetic dif-
ferences in the sex chromosomes, especially the Y-linked genes. Many of the
male—female differences are the result of X and Y size contrasts.

The sizes of the twenty-two autosomes plus the sex chromosomes (the
human karyotypes) are diagramed in Figure 2-5. Since the autosomes eXist as
pairs, each homologous chromosome being identical to its mate in size and
shape, only a single member of each pair is shown—the haploid number. There
is a comparable region on each member of the pair. For example, certain parts
of each chromosome will take up a chemical stain, and these darkly stained
areas of one chromosome will have a comparable location on the other one of
the homologous pair. These stained regions are grouped on each chromosome
into 2 p and a ¢ region, the short and long arms above and below the cen-
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appearing on the nonhomologous region of the X chromosome will not be
paired up in male cells, since the male is hemizygous (having only a single X
chromosome). Therefore, a certain number of genes on the nonhomologous
region of the X will express a gene product without any influence from a dom-
inant allele that would be present in the female. This leads to the existence of
certain recessively determined traits that occur more frequently in the male
than in the female—for example, hemophilia A (the most common form of an
inherited defect in blood clotting), and two genes for color sensitivity of the
cones of the retina (the protan for the synthesis of a red-sensitive pigment and
deutran for a green pigment). A recessive allele of either of these closely linked
genes will result in defective vision for color in the red-green part of the spec-
trum that occurs in about 8 percent of males of western European ancestry and
is commonly called color blindness. There is a third X-linked gene that in reces-
sive form causes a deficiency of an important enzyme of carbohydrate metabo-
lism, G6PD, whose function is detailed in Chapter 4. All three of these genes—
hemophilia A, colorblindness, and G6PD—are positioned in nearby loci in a
region at the lower end of the long arm of the X chromosome (Figure 2-6).
Little is known about Ylinked genes, although major advances have
been made in mapping the Y chromosome in the last few years. The p region
carries genetic loci for maleness, as described above, and some exchange dur-
ing meiosis may be made of this psydohomologous region with the X. But few
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model proved to be an accurate description of this complex structure, and
their discovery had a momentous impact on biology and was just the type of
breakthrough that the field needed to start a new phase of genetics research.
The discovery was so important and basic to the understanding of the genetic
code of life that Watson and Crick were awarded the Nobel Prize in 1962.2
DNA is a long, repetitive, chainlike structure made up of alternating
phosphate and sugar (deoxyribose) molecules to which are attached one of
four kinds of organic bases (thymine, adenine, cytosine, or guanine). The
sugar-phosphate molecules form a basic backbone structure of DNA. The
unit composed of sugar, phosphate, and base molecules is called a nucleotide
(Figure 2-7a), which is joined with the next nucleotide, and this process is
repeated over and over until a long chain has been formed. The bases of the
nucleotides are attracted to other bases on a complementary DNA strand
and the two are held together by a weak hydrogen bond. Each base only
attracts one other type; thymine (T) is bonded to adenine (A) and cytosine
(C) to guanine (G). The length of the two chains can be diagramed as a lad-

FIGURE 2-7A
Nucleotide Structure, the Basic Unit of the DNA
Molecule.

A nucleotide is composed of a molecule of phos-
phate and a deoxyribose sugar to which is
attached any one of four types of organic bases:
adenine (A), thymine (T), cytosine (C), or guanine
(G). This basic unit is attached to an adjacent
nucleotide by bonding between phosphate and
sugar molecules as shown. Three nucleotides,
taken together, provide a particular triplet code
because of the combination of the three organic
bases they contain, and this code specifies a par-
ticular amino acid as discussed in the text.

(O Phosphoric Acid
) Deoxribose Sugar

A Adenine
T Thymine
C Cytosine
G Guanine

(A)

2Many researchers in several fields laid the groundwork for molecular genetics, and Wat-
son relates a very interesting and personal account of the events leading to the discovery of the
DNA structure. He also describes the fierce competition among scientists to be the first to iden-
tify the functioning of this key molecule (see The Double Helix, 1980). )
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derlike structure; the long par
phosphate backbones whﬁepthzuceérj:élccttilrllres s are e ene oy
base pairs (Figure 2-7b). The DNA strands are actually rotated about each
other to ff)rm the double helix described by Watson and Crick e
"I‘l?e mportance of the base-to-base attractions is well illust'rated when a
cell dleles. The DNA strands pull apart and the unbonded bases attract n
nucleotides and bond with complementary bases. These nucleotides ttae‘l:
over the lfength of the original strands, forming two new double helicala lc
cules,‘ as illustrated in Figure 2-7c. This DNA replication at cell divi o is
described as semiconservative; one of the old strands is joined with aSIr:)rl lls
formed strand so each of the daughter cells will end up with its proper I§I:IVK
repeatedly during cell divisions to produce

new tissue and, provided that all replication i
3 ; plication is correct (no mutations
daughter cells will be identical to parental cells, - the

The Gene: Structure and Function

Once t}tie nature of the nucleic acids of the cell nucleus was described, the search
was on for an explanation of how they related to cellular functions and division

FIGURE 2-7B
Schematic Diagram Depicting the Ladderlike Arrangement of DNA.

The organic bases of opposite DNA strands are attracted and bound
together by a weak hydrogen bond that causes DNA to be a double-
st'randed mplecule. Because of their chemical structures, adenine will
bind only with thymine and guanine with cytosine. These Base-to-base
bonds form the ‘rungs” of the “ladder” while the series of sugars and
phosphates are long side pieces to which the rungs are attached.

P Phosphoric Acid
S Deoxribose Sugar

Guanine
@K Cytosine
CT Thymine
@D Adenine
8)
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FIGURE 2-7C
Helical Shape of DNA Moiecule and Semiconserv-

ative Replication.

DNA molecules are rotated so they form a double heli-
cal structure; the sides formed by the sugar and phos-
phates and weakly bound bases are conqe_cted as
shown in Figures 2-7a and b. When a cell divides the
DNA molecules must be duplicated in such a way that
the new cells will have the exact quanity and sequence
of nucleotides. This is achieved by a process of sepa-
ration of part of the molecule at a time and bondlng. the
complementary nuclectides to the exposed unpaired
bases. When completed, this process has created two
daughter helixes, each composed of one gf the origi-
nal DNA strands bound to a newly synthesized one, a
process called semiconservative replication.

and what relation these acids had to the transmiss'ion of traits throughouft tielilr-
erations of cells. The search was directed to protein molc?cules becausei o : C((e) N
functions. They provide support (structural proteins) as in tl.1e examp d:eobOd .
lagen, an important protein of skin, bone, 'fmd many other tissues in ne bod 1)1':
regulate metabolic processes (enzymes), as in digestion, 'body tempera e con
trol, and production of skin pigment (tyrosmase?; and mﬂuem}:le gene i p
sion through the action of thousands of enzymes in a cell or by ormfonlf : .
Proteins constitute a class of chemical compounds r.nade up o3 c ha.ms o1
smaller molecules (amino acids) linked together by peptide bonds.* The tota

*The major organic molecules of living organisms are classi.ﬁed'imo four categoﬁes: car-
bohydrates (sugars and starches), lipids (fats), proteins, and nucleic acids.
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of these linkages is described as a polypeptide chain. The proteins are com-
posed of 20 kinds of amino acids arranged ina linear chain in some combi-
nation. The chain may be a few dozen amino acids long, as in human insulin,
which has 51 arranged in 2 tightly bonded chains, or a protein may contain a
hundred or more amino acids, as in globin of human hemoglobin, with 574
organized into 4 polypeptide chains, 2 alpha and 2 beta. The sequence or lin-
ear arrangement of the amino acids is critical and provides the protein mole-
cule with a specific identity and hence its function. In Figure 2-8 the normal
sequence is shown for the first 6 positions and for position 26 of the 146 in
the beta chain of human hemoglobin. A substitution of amino acid, valine, for
glutamic acid changes the identity from hemoglobin A to hemoglobin S
(sickle cell: type), and under certain conditions its function (oxygen trans-
port) is radically altered. Other substitutions also change hemoglobin type as

FIGURE 2-8 Amino Acid Sequences of Three Types of Beta Globin.

These diagrams depict the amino acids at the first 6 and at the 26th position. Normal, type S, and type E
hemoglobin have the same sequence of amino acids at all 146 positions of the beta globin chains with two
very important and specific exceptions. Type S has a substitution of valine for glutamic acid at position 6

while type E is the same as the normal for that position but has a replacement of lycine for glutamic acid at
position 26.

Normal Type S Type E
Position
1. Valine
2. Histidine .
3. Leucine
4. Threonine
5. Proline
Valine
6. Glutamic (replaces
Acid glutamic
acid)

[

Lycine
26. Glutami (replaces
Acide_1 N 8j9 glutamic ~

acid) -
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shown. This importance of amino acid sequence raises the question of how
cells and structures that synthesize proteins direct the correct organization of
the polypeptide chains.

Because of a pattern of inheritance of different forms of proteins
observed in family lineages over the years, protein synthesis was thought to be
under genetic control. But the genetic material, though considered to be in
the nucleus, was not identified until after mid-century. The major compounds
within the nucleus, the nucleic acids, were at first ignored as the genetic code
because their chemical composition, analyzed long before the Watson and
Crick discovery of their structural arrangement, showed a presence of only
four organic bases. Any hypothesis that these bases existed in a regular struc-
tural sequence made it difficult to understand how only four units could
determine the linear arrangement of twenty types of amino acids into a string
of dozens or more. Also, the proportions of the bases varied between DNA
and RNA compounds. The major work after 1953 provided the answers and
opened up the era of molecular genetics, which has enormously expanded

the understanding of cellular function and its inherited basis.

The Genetic Code

Considering DNA as the genetic code, the problem of amino acid identifica-
tion is solved when the nucleotides are “read” three at a time as a group instead
of individually. Since each nucleotide is identical (phosphate and sugar)
except for one of the four types of organic base attached, a group of three
nucleotides gives the probability of 4° or 64 different coded combinations
(three positions at which one of four kinds of organic bases may occur). This
code then could account for more than twenty amino acids with a number of
“codes” left over. After much research, different DNA triplets were shown to
code for particular amino acids, and some amino acids could be coded for by
any one of several triplets; the DNA code was said to be redundant (see Table
2-1). The problem that remained to be solved was how the DNA code in the
nucleus could control synthesis in the cell’s cytoplasm where the structures
(ribosomes) and raw materials needed for the protein synthesis were located.

RNA. This second nucleic acid compound (ribonucleic acid) proved
to be the transporting agent or messenger that copied the code and relayed it
to the sites of protein synthesis, the ribosomes. Figure 2-9 diagrams the basics of
this process. It starts in the nucleus when an enzyme, RNA polymerase, causes
the double strand of DNA to separate along a few triplets. The unbonded
bases of one of the strands are temporarily bonded to complementary bases
of RNA triplets (codons) that are formed into a chain as the enzyme moves
along the DNA. Once a transcription has been made, the mRNA chain seg-
ment separates from the DNA. This process is repeated until a terminating
triplet is reached (ATT, ATC, or ACT in Table 2-1). At this point a single-
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TABLE 2-1 Genetic Code®

AMINO ACID DNA (TRIPLET) mRNA (CODON)
Alanine (ala) CGA,
nir CGG, CGT, cGc
inine o , doo o
:\\rsg _(arg) GCA, GCG, GCT, GCC, TCT, TcC  cagu o o S04
mg'ne ) e s , CGC, CGA, CGG, AGA, AGG
Asparttlc acid (asp) CTA, CTG AL, s
Cysteln.e (cy.s) ACA, ACG 060, g
Glutam.lc acid (glu) CTT, CTC GAAUGU, S
g:uta.lmlr(ue' (gin) GTT, GTC CAA' oaq
lycine (gly) CCA, CCG o
Hlstidin.e . o o , CCT, CCC GGU, GGC, GGA, GGG
Il.setﬁzycmae (i;e)c TAA, TAG, TAT 233’ 238
icine (leu)c AAC, GAA, ' s
Lysm_e o i » GAG, GAT, GAC, AAT UUG, cuy, cuc, CUA, CUG, UUA
Methionine (met) TAC avg e |
sh?pylalanine (phe) AAA, AAG SUG
ro
Seﬁ:’r;e(;r;r:) ng, GGG, GGT, GGC ng,’ lCJgg CCA, CcC
Threonme kit A, AGG, AGT, AGC, TCA, TCG  UcU UCC’ uc ' voa
e TGA, TG, Ty Ty ACU' s UCA, UCG, AGU, AGC
: ol oy s , ACC, ACA, ACG
g::')]sme (tyn ATA, ATG 323
e (val) CAA, CAG, CAT, CAC GUU’ gﬁg GUA, GUG

Terminating triplets AT,
, ATC, ACT
UAA, UAG, UGA

Sy lbOlS Or Dases il uclei j y[ g
f b 1N eiC acids: A adeni e); C Cytosine! G anin N
i . ! ( | )1 ( | ); ( uani e), (t Y/ i

*Essential in diet of young child.

*One of the eight ami i
diet. gNt amino acids that humans cannot Synthesize and therefore must obtain f th
rom the

e); and U {uracil),

stranded mRNA (messen
ar ' ger) has b
I‘CJOIIIT?:, Into the double helix as be;:(fl:e produced: and the DNA Prnds are
€ mRNA is only a prima ‘
: Ty messenger, however, b it i
number of noncoding sequences of the gene, the intrerz,s ;fliu;ii;::;luii\sl:
: m

SS Ot matur ation tllat causes a 100 in Of tlle Str alld over tlle
mntr on ar ea, Wthll 18 tllell cut alld dlsca

tide bonds, and the i
, -1€ Process is repeated until the stop s i
t(Eroer:il)et(i:ikprotem molcrcule is thus produced (Fig?xPr)eSng-??)l) ls'lflfactlllgli e
(COdonS Ofu,f, lr{nh;)l:eaz::ulr.ut) 'c(licids l;:nd the process begins all o'ver ;he tr;:;rtz
isted with the correspondin in
s & DNA triplets and the
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FIGURE 2-9 Transcription of DNA and the Synthesis of Messenger RNA (mRNA).

The five basic steps in the process of synthesizing mRNA to transcribe the DNA code are illustrated in this
diagram. Step One begins by the separation of a segment of the double helix by the enzyme, RNA poly-
merase. The exposed bases of one of the DNA strands attract free nucleotides which become bound to one

another, forming the single-stranded mRNA, which is a process similar to the formation of complementary
during replication. However, the major exception is that the mRNA soon separates,

and uses the base uracil to bind with adenine instead of thymine. The enzymes

daughter strands of DNA
" the strands

remains single-stranded,
move along the DNA and the process is repeated, and when a length of DNA has been “read

rebind to one another.
Step Two is reached when the transcription is completed and the primary mRNA is separated. At this step

the mRNA contains a copy of all of the DNA, both exons and introns.
Step Three is a maturing process that causes the introns, noncoding portion, to contract and form loops

that result in shortening the mRNA, bringing the exons closer together.

Step Four excises the intron loops and splices the exons together.
Step Five produces the now shortened and completed strand of mature mRNA that contains the code to

direct the production of polypeptide chains of amino acids.
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amino acids in Table 2-1. This code is universal; that is, the amino acids have
the same codons throughout all living organisms, whether amoeba or human,
and the universality of the code provides strong supporting evidence for the
unity of life.

To summarize, a single-stranded nucleic acid (RNA) is transcribed from
one strand of the DNA molecule, the sense or template strand. This mRNA is
complementary to all those triplet regions between a start and stop triplet
sequence and includes the coding (exon) and noncoding (intron) regions of
a gene complex. The introns are excised from the primary mRNA and the
exons are joined before it is released to the site of protein synthesis, the ribo-
somes. The mRNA begins to attract a tRNA that carries one amino acid spec-
ified by the codon—-anticodon sequence. A series of these are attached along
the strand and the adjacent amino acids react to form peptide bonds result-
ing in a long chain that is the protein. From the diagrams and descriptions it
is apparent that the mRNA faithfully replicates from the DNA, a complemen-
tary chain of triplets that must be modified by removal of those noncoding
portions, the introns, since the DNA carries many more triplet units than are
used in the protein synthesis process. The discovery of this excess of
nucleotide material leads to a reexamination of chromosome structure and
the basic nature of the human genome.

CHROMOSOMES AT THE MOLECULAR LEVEL

Since the description of chromosomes, their structure, and their changes dur-
ing cell division was made early in this century, knowledge has reached a point
where the finer, molecular components can be defined. We now not only have
a sharper focus of what is transpiring at the genetic level but we also have a
fairly good idea of how all the genes fit together to form these large structures
in the nucleus, the chromosomes.

The human genome contains enough DNA for over one million genes,
but the real number of genes is closer to one hundred thousand or even
less. This means that a large excess of DNA is replicated and transmitted
between generations of cells but is not used in the coding of protein syn-
thesis. This excess, or actually most of the DNA, has other than genetic func-
tions, since DNA fragments may be regulatory, provide start or stop signals,
or function simply as spacing devices as in the case of the introns. The scope
of this excess may be appreciated by some comparisons. If stretched out to
full length, the DNA equivalent in the total haploid genome of a gamete is
a molecule one meter long that contains about one billion triplets. But all
of the DNA must be contained in a cell nucleus with the dimensions of 10
pm by less than 1 pm. This placement of such a large mass in a restricted
space is made possible by compaction due to “super coiling” of the helical
structures. :
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Regions along the DNA strand of a chromosome have certain noncod-
ing functions or contain codes for particular gene products. The region or
locus for certain genetic traits, identified earlier by linkage studies in family
lineages described above, has been confirmed and is now clearly established
by investigations of chromosome structure at the molecular level. This
advance in our knowledge of inheritance has been made possible by the dis-
covery of a class of bacterial enzymes that can cut the giant DNA molecule
into shorter strands at specific base pair locations. These enzymes, endonu-
cleases, have opened up a whole new frontier for genetic studies.

Endonucleases. These restriction enzymes, so called because they cut
the DNA molecule at specific points along the chain, have enabled investigators
to separate much of the entire one-meter length of the human genome DNA
into many shorter fragments. These fragments are of varying lengths (number
of base pairs or Bp) and each has a specific triplet sequence at the point of
cleavage; the triplet sequence plus one or two other nucleotides provide a point
of attraction for one of these enzymes. Cleaving the entire human genome can
produce about 500,000 fragments of from 100 to 10,000 Bp in length. These
fragments can be separated by the Southern blotting method, a technique that
separates the different fragments in an electric field and preserves them on a
nitrocellulose filter (Southern, 1975). Basically, the technique takes advantage
of the fact that fragments differ not only in size but in electric charge as well, a
characteristic that will cause the fragments to move at different rates of speed
through an agarose gel plate when an electric current is applied (elec-
trophoresis). Once the fragments are separated, the fluid medium, a buffer
solution, is blotted out by squeezing the gel between a weight, blotting paper,
and the filter (Figure 2-12). This removes the fluid and leaves the fragments
trapped and dispersed on the nitrocellulose filter as they were in the gel.

The hydrogen bonds of these DNA fragments are broken by treatment
with an alkali solution separating the double strands. The now single-
stranded fragments with specific base sequences can be examined individ-
ually by special chemical staining or by use of a radioactive probe. This
probe is a short strand of DNA of known base sequence labeled with a
radioactive isotope of phosphorus (**P). The DNA probe combines with the
complementary DNA strands and forms a double helical structure on the
filter. A piece of photographic film is exposed to the radioactive labels over
a period of several days. The result is a series of dark bands on the film that
identifies the positions of those fragments that had combined with the
probes. Because 500,000 fragments are an impossible number to deal with
at one time, the chromosomes are first separated and then examined individ-
ually. The chromosome DNA may be cut by one or more restriction enzymes*

‘There are hundreds of restriction enzymes (endonucleases) known at this time, with
more being added to the list as the HUGO project proceeds.
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TABLE 2-2 Examples of Genetic Diseases Detected by Gene Probes

Disease

Achondroplasia
Alpha1-antitrypsin deficiency
Diabetes mellitus ({type 1)
Globin gene cluster (alpha)
Globin gene cluster (beta)
Growth hormone deficiency
Hemophilia A

Hemophilia B

HLA genes

immunoglobulin genes
Lesch-Nyhan syndrome
Osteogenesis imperfecta (type I}
Phenylketonuria

Prealbumin (amyloidosis)
Sickle cell anemia
Thalassemias

Thrombosis i deficiency

Selected from various sources. For a complete listing, see Cooper and
Schmidtke {1986).

which is possible when the amino acid sequence of the gene product is known.
The mRNA provides a template for the synthesis of cDNA. The ¢cDNA is used
as a probe to locate the gene sequence on a chromosome fragment. A similar
method, in situ hybridization, also uses a radioactive DNA strand, but adds the
probe to chromosomes in their metaphase of division. The probe hybridizes
with the intact chromosome DNA at a specific segment. These methods have
permitted many highly imaginative genetic studies and, as investigation of
human chromosomes expands at an accelerating rate, the number of useful
probes and their applications increase rapidly. Some examples of the locations
of genes for specific traits are given in Table 2-3. The location is listed by chro-
mosome number, the area (por ¢ arms) and the site on the arm. For example,
a collagen gene is located on the long arm (¢) of chromosome 7 at the 22nd
site. Development of these processes has taken place over years of intensive
biochemical work, and many are highly sophisticated, so much so that no brief
description can do them justice. For more details and elaboration of additional
investigation to identify or “map” the human genome, the reader is directed to
texts like Hartl (1988), Nichols, (1988), or Vogel and Motulsky (1986).



