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Sourcebook Errata
On page 17, the equation following line 11, after the words "The
above equation may be rewritten:" should read as follows:

[ES] = ——---—--- [EILS]

The equation following lines 16 and 17, after the words "Solving for

ES and substituting in the previous equation yields"” should read as
follows:

v, K, [E] [S]

On page 426, lines 29 and 30 giving the correspondences of
different PGM subtype nomenclatures should read as follows:

1- = a3 = 1F; 1+ = al = 1S; 2- = a4 = 2F; and 2+ = a2 = 25.






PREFACE TO THE REPRINT EDITION

In the six years or so since this Sourcebook appeared, the stock
of copies was exhausted. There were indications from a number of
sources, however, that there was still a demand for copies and that
the book still has a valuable place as a reference work in forensic
biology. Accordingly, the National Institute of Justice is to be
commended for its decision to reprint the book on a demand basis
through the National Criminal Justice Reference Service. In this
respect, I am grateful to Mr. James K. Stewart, Director of the
Institute, and to Dr. Richard M. Rau, manager of the Forensic Science
and Criminal Justice Technology Program. As a result of their
continued support, this book will continue to be available to those
interested in it. |

It was not realistic to consider undertaking a complete and
systematic update and review of all the literature that has appeared
since the book's publication. I was asked, however, to provide a brief
summary of some .of the more recent information in the field in this
new Preface, and that is its major purpose. Because the literature
grows with such rapidity, a number of more recent reviews as well as
some specific papers are cited here and an effort has been made to
related these to specifib subject areas covered in the book. In
addition, an introduction to the rapidly developing field of molecular
biology and DNA analysis that has recently become a part of forensic
biology is given, and some references provided. DNA analysis has
become a part of forensic serblogy in the relatively few years since

the book was written.



Selected Recent Material on Sourcebook Subjects

Several more recent reviews cover blood and body fluid
identification in stains, species determination and blood and body
fluid stain grouping [1-3], and the application of genetic markers
including HLA to parentage testing has also been reviewed [4-6].
Volume 1 of Advances in Forensic Science [7] contains a number of
review chapters by noted authorities on various subjects: Divall, on
menstrual blood identification (cf. §8.1); Katsumata and Oya, on feta
and neonatal blood identification (cf. §§8.2 and 8.3); Suzuki and Oya
on semen identification in stains (cf. §10);: Fiori, on body fluid
grouping (cf. §19.10.5): Benciolini and Cortivo, on ABO grouping of
human hair (cf. §19.10.7.1); Carracedo, as well as Pascali, on
iscelectric focusing and its applications in serum group protein
typing (cf. §§ 40-43 and 45);: Tumosa, on the occurrence of ABH
antigens in infrahuman species; Newall, on typing HLA antigens in
bloodstains (cf. §46.7.2.); and Smith, on detecting drugs in
bloodstains (cf. §50.2.2).

In the area of semen identification, there have been a number of
newer developments. The original description of and earlier papers or
v-seminoprotein (r-Sm) are discussed in §10.10. Similarly, the
original work on seminal protein p30 may be found in §10.14. It is
highly likely (though perhaps not proven) that y-Sm and p30 are
identical to one another, as well as to "human prostate antigen"
(sometimes abbreviated PA) [8]. The y-Sm protein has been further
characterized biochemically and its amino acid sequence determined
[9-11]. An ELISA assay using anti-y-Sm has been developed for use wi:
seminal stains [12]. Similarly, an ELISA has been developed for p30
and shown to be applicable to the inveétigation of seminal stains an

vaginal swabs in sexual assault cases [13].



Another smaller seminal protein of prostatic origin, called
p-microseminoprotein (B-MSP) has been isolated and extensively
characterized by Hara and his collaborators in Japan [14-17]. I am
indebted to Prof. Dr. Mitsuwo Hara at the Kurume University School of
Medicine for making copies of his more recent work available. Another
human seminal protein of seminal vesicle origin, known as MHS-5, has
been purified and a monoclonal antibody prepared against it [18]. The
monoclonal anti-MHS-5 has been used as the basis for an ELISA test for
human semen identification.

The theory underlying absorption-inhibition testing as well as a
novel two-dimensional A-I method are discussed in a paper by Lee and
collaborators [19]. More recent material on the biochemical genetics
of and relationships between ABO, Lewis, Secretor and related antigens
(cf. § 19.9) may be found in reviews by Watkins and by Oriol and
coworkers [20-22]. Extensive reviews of the application of the
polymorphic isoenzyme (and other) systems in forensic serology (cf.
Unit VI) have been published by Sensabaugh [23-26].

The U.S. population data for various genetic marker systems that
are included in the book have been updated and analyzed in a series of
three papers [27-29]. In addition, several papers havevdiscussed the
application of population genetic marker data to stain typing
information as might be obtained in particular case situations [24,
30-32].

The forthcoming third volume of Advances in Forensic Science [33]
offers reviews of several important subjects, in addition to its
extensive coverage of DNA typing (about which more below). Schanfield
ext;nsively reviews immunoglobulin allotyping (cf. §44), Biitler
reviews and updates the Ag system (cf. §45.1.2), and Mayr reviews the

application of HLA typing'in disputed parentage cases (cf. §46.7.1).



In addition, Fletcher reviews enzyme-linked immunsorbent assay (ELISA
as applied to forensic blood and body fluid identification and
grouping problems. ELISA applications have come along sufficiently
recently that there is nothing about them in the book.

Molecular Biology and DNA Typing

Evidence that DNA is in fact the genetic material, the structure
of the nucleic acids, and the manner in which DNA controls protein
synthesis are briefly reviewed in §1.2.2 of this book. In the past
decade or so, extraordinary advances have been made in the field of
molecular biology. These advances have enabled the development of wha:
is often called genetic engineering. Perhaps the most significant
advances in molecular biology from the point of view of forensic
biology have been: (1) the discovery and characteri- ion of a large
variety of restriction endonucleases and their widespread
availability; (2) the discovery and refinement of techniques for
cloning manageable-sized fragments of DNA into vectors; (3) the
discovery of restriction fragment length polymorphisms and the
availability of human DNA probes for their detection; and (4) the
description and refinement of polymerase chain reaction techniques,
and their use in connection with allele specific oligonucleotide
probes.

The large array of restriction endonucleases (restriction
enzymes; RE) allows very large DNA to be cleaved into smaller,
manageable fragments for subsequent characterization and/or
manipulation. Knowledge of the RE cleavage recognition sequences in
DNA has meant that sequence information is available about the ends ¢

a

the fragments produced.



Some of the REs produce blunt ends, but many others produce "jagged"
cuts in double stranded DNA producing fragments in which a few bases
from one strand protrude as a single strand beyond the terminus of the
other strand. These few base single stranded ends are sometimes called
"sticky," because if another piece of double stranded DNA with a
complementary single stranded sticky end is produced, the two
fragments of DNA can be recombined into a single doble stranded
molecule using appropriate ligases. Variations of this procedure form
the basis of genetic engineering. Using these techniques, fragments of
human DNA can be introduced into vectors (usually plasmids or
cosmids). Then, by subsequent cloning, these human DNA fragments can
be reproduced in any desirable quantity in perpetuity, and in addition
they can be isolated and recovered from the vectors.

In recent years it has been recognized that the human genome
contains substantial segments of repetitive sequence DNA [34,35]. Some
repetitive DNA occurs in the form of relatively short, highly repeated
sequences that héve been called 'minisatellites.' Certain
minisatellite loci have been found in the human genome at which there
is substantial variation between individuals in the nuﬁber of times
the core sequence is repeated. If a RE is used to cleave DNA outside
the repeat region, fragments of differing size are produced according
to the number of repeats occurring in the region. Human DNA loci of
this kind are termed "variable number of tandem repeat" or "VNTR"
loci. Separation of the RE-digested VNTR fragments according to size
by electrophoresis, transfer of_the fragments to a nitrocellulose or
nylon membrane, and hybridization with a labeled human DNA probe that
recogﬁizes the core sequence produces banding patterns that are

characteristic of the individual from whom the DNA came.



This phenomenon is called "restriction fragment length polymorphism"
or "RFLP" and is the basis of most current "DNA typing" as it is
applied in forensic serology.

In 1980, Botstein, White, Skolnik and Davis [36] recognized that
RFLP could be used as a basis for genetic mapping, and this approach
has indeed yielded considerable information [37]. Wyman and White [38]
soon described a highly polymorphic VNTR locus, and a large number of
other such loci are now known. Not much notice of these developments
was taken by the forensic science community until Jeffreys described
several multilocus probes [39] that could be employed to produce what
were described as DNA 'fingerprints' [40]. The importance of these
findings in terms of their applications both to disputed parentage
problems and to individual identification problems wés quickly
recognized [41,42].

In just the past few years, Jeffreys has further characterized
the multilocus probes [43] and cloned a series of single locus probes
recognizing several of the locl detected by the original probes
[44-46]. These prqbes are used exclusively by Cellmark Diagnostics in
their DNA typing work in the U.S. Other DNA probes are used by the
Lifecodes Corp. in their DNA typing work, and some information about
their probes and procedures has been published [47-49]. A number of
DNA probes from GenMark are available through Promega, and still other
probes are available from Collaborative Research, Inc. Recently, the
FBI Laboratory initiated DNA typing in casework after a lengthy
research and development effort aimed at selecting a typing system,
appropriate probes, and validating the procedures that are to be used

[50-51].



Another DNA analysis procedure that has already found limited
application in forensic serology, and is certain to be significant in
the future, is the polymerase chain reaction (PCR) technique. PCR was
developed by Erlich and collaborators at the Cetus Corp. in California
[52-53]. With PCR, specific sequences of DNA can be replicated to
produce hundreds of thousands to millions of copies provided specific
primers are available. The primers are constructed from knowledge of
the sequences flanking the region of interest. PCR has been applied to
the diagnosis of genetic disorders [54] and to the analysis of
polymorphism at specific subregions of the HLA locus [55]. DNA
analysis of the HLA-DQa polymorphism haé been described in single
human hair roots [56]. Many samples of forensic interest are limited
in guantity and may also have been subjected to environmental
conditions that degrade the DNA. As a result, RFLP analysis may not be
possible. PCR techniques are attractive for forensic analysis because
so little DNA is required for analysis, and experience has shown that
some samples which were unsuitable for RFLP analysis could be analyzed
using PCR procedures. At the present time, PCR procedures are used in
conjunction with allele-specific oligonucleotide (ASO) probes. The
loci currently detected do not show the degree of polymorphism
exhibited by RFLP loci. The information obtained at present from PCR
anal&sis is thus very valuable as an exclusionary tool, but less
valuable in inclusionary cases. Efforts are underway in many
laboratories, however, to develop primers that will enable PCR
amplification of VNTR loci [57]. Further research and development will
be necessary to evaluate the forensic applications of PCR techniques,
as very“few forensic laboratories have had much experience with PCR at

the present time.



Further information about DNA typing and its forensic
applications may be obtained from a number of currently available
sources. Volume 3 of Advances in Forensic Science [33] will have ::;;;
chapters on DNA polymorphisms and their forensic applications. The
Banbury Conference on forensic applications of DNA has papers by a
number of authorities in the field [58]. The FBI Forensic Science
Research and Training Center at Quantico has sponsored two major
symposia on the forensic applications of DNA [§9,60]. The proceedings
of the first of these symposia are available on videotape, and the
proceedings of the second will be published. An extensive report on
forensic applications of DNA typing is currently in preparation by the
Office of Technology Assessment of the U.S. Congress, and should be"
delivered sometime in 1989. |

DNA typing is undoubtedly the most exciting development in
forensic serology in many years, and arguably the most exciting
development ever. It will take some time for techniques and procedures
to be worked out and tested on a relatively wide scale. The need for
standardization of methodology and for some general agreement on
procedures for the interpretation of RFLP typing results has recently
been discussed [58,61]. In the next few years, molecular and forensic
biologists working together will undoubtedly establish guidelines and
standards for reliable and reproducible DNA typing procedures that can
be widely employed in the analysis of both disputed parentage and
identification cases.

West Haven, CT
July, 1989
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FOREWORD

The National Institute of Justice is pleased to publish this important reference work for
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PREFACE

For a number of years, I have thought it would be desirable to have available a
comprehensive review of the literature of the many subjects that now comprise forensic
serology, immunology and biochemistry. My appointment as a Visiting Fellow in the
National Institute of Law Enforcement and Criminal Justice (now the National
Institute of Justice) in 1976 afforded me the opportunity to prepare this review. I trust
that the product may be a useful reference work for forensic serologists working in
various laboratories, particularly in this country.

I have taken a more or less historical approach to each of the major subjects, in
part because I thought it would provide continuity, and in part because I thought it
would be more interesting. Accordingly, the different subject areas are discussed from
the time of their origins in the published literature up to the present time. Much of the
material is now of purely historical interest, and does not represent the current under-
standing of the subjects. I hope that the distinctions between older notions of purely
historical interest, and current ones, have been clearly made.

There are many excellent reviews of the subjects covered here by specialists in
those fields. They treat the various topics more comprehensively and better than I have
been able to do, and I have cited them in the reference lists. In this work, I have
attempted to treat all the subjects of interest in present-day forensic serology, and to
combine the historical developments, the essential background information, and the
forensic applications under the same cover.

This work has been entitled a “sourcebook”, because it is quite simply a narrative
review of the scientific literature. Because I regard this book primarily as a guide to
the published literature, careful attention has been paid to the accuracy of the refer-
ence lists which appear at the end of each unit.

The book is divided into a total of nine units. The first unit consists of background
material in serology, immunology, biochemistry, genetics and methods that are em-
ployed in the field. I was persuaded that this material should be included, and that it
might serve a useful purpose. Units II and III have to do with the identification of
blood and body fluids, respectively, and Unit IV has to do with species determination.
These make up most of the identification sections. Units V, VI and VII have to do with
the different classes of genetic markers in blood and body fluids, and make up most of
the individualization sections. Unit VIII is concerned with the sexing of bloodstains,
and with efforts to individualize blood using non-genetic markers. Unit IX consists of
a set of translations of original papers of historical interest in the field. The rationale
for the translations set is discussed in the Preface to that unit, which is self-contained.
The eight units of the sourcebook are further divided into sections and subsections.

References are compiled at the end of each unit. Because of the large number of
references, some consistent bibliographic style had to be selected, and in arriving at
these conventions, I have made an effort to provide as much information as possible for
readers who wish to find particular references. An effort was made to consult every
reference which is cited here. References which could not be examined have a notation
of the source that was used. These are indicated as “cited by” or “through”. If another
reference contains similar information to the one cited, or an abstract of it, I have
indicated this fact with the words “and see”.

The A.L.B.S. convention has been followed in citing all the references [ Council of
Biological Editors, Committee on Form and Style: CBE Style Manual, 3rd ed.,
American Institute of Biological Sciences, Washington, D.C., 1972]. References are
cited in the text by the name(s) of the author(s) and the year the paper was published.
. The use of the name(s) and year as part of a sentence constitutes a citation. Papers
written by more than two authors are cited in the text by the last name of the first
author, and “et al.”, followed by the year. In cases where the same author(s) wrote



several papers in the same year, they are distinguished in the text and in the reference
lists by lower case arabic letters, e.g. 1971a, 1971b, etc. In some cases, a senior author
with two or more coauthors, not always the same people, wrote more than one paper
in a given year. The year and lower case letter convention is used to distinguish these,
even though the full list of names on the papers is not the same. Thus, for example, if
A. Smith, B. Jones and C. Williams wrote a paper in 1960, and A. Smith, B. Jones,
C. Johnson and D. Williams had another paper in the same year, the former would be
cited in the text as “Smith et al., 1960a”, the latter as “Smith er al.,, 1960b’. The
arabic letters are used in the reference list as well as in the text in these cases. The
reference lists are in strict alphabetical order by first letter of last name of first author,
including institutional authors. Editorials are cited as “Editorial”, unless they were
signed, and it was clear who wrote them. In the older literature, first name(s) or
initial(s) of authors were not always given. There was a tendency to use titles. Authors’
initials which are given in parentheses in the reference lists were supplied, and did not
appear in the original article. Titles of articles are given in full in the original language,
except in cases where the original language does not use the Latinic alphabet. I have
tried to retain accent and diacritical marks in citing authors’ names and article titles.
Russian and Japanese journals generally provide an English translation of the names
of authors and the title of the article. I have usually given these in English. Trans-
literation of author names and article titles from sources in languages using Cyrillic
alphabets follow the U.S. Government Printing Office Style Manual (1973). Abbrevi-
ations of journal titles have been taken from Bibliographic Guide for Editors and
Authors, American Chemical Society, Washington, D.C., 1974, or from BIOSIS List
of Serials, BioSciences Information Service of Biological Abstracts, Philadelphia, PA,
1976. In cases where these sources did not provide a standard abbreviation, I have
followed the guidelines given in ANSI Standard Z39.5-1969 (R1974) of the Ameri-
can National Standards Institute in arriving at the usage which appears.

In some libraries, foreign journals are catalogued according to their foreign titles.
Where I encountered this practice, footnotes were added to the reference lists giving
the appropriate information. Similarly, many journals have undergone title changes
over the years, many have been superceded by other journals, and some have been
divided up into a number of separate parts, and so forth. In cases where I thought these
changes might cause difficulty in locating an article in a library, I have added explan-
atory bibliographic footnotes. The principal Russian medicolegal journal Cyzae6Ho-
MeaulIMHCKas EKcrepTuaa is uniformly cited in the reference lists as “Sud.
Med. Ekspert.”. Journal title abbreviations are set in italic type, and volume numbers
are in boldface type. In many cases, journals have been issued in several series over the
years. Sometimes, the original volume numbering was dropped when a new series was
issued, but in other cases it was retained. The series in which the cited volume number
appeared is given in parentheses following the volume number. “N.S.” means *“new
series” and this series is always the second one. In German language journals, the word
“Folge” indicates a series; thus, “N.F.” means “neue Folge”, “3F” means third
“Folge”, and so on. If the original volume number was retained in the journal, even
though a subsequent series designation was being used, both designations are given.
For example, ““21 (2 ser. 6)’ means that the piece is the 21st volume of the journal,
and is also the 6th volume of the second series. An arabic numeral in parentheses
following the volume number is the number of the journal within the particular volume
(or over-all). Thus, ‘14(12)”’ indicates volume 14, number 12. I included this in some
cases because it was common in the older literature to cite references by number only,
rather than by volume and page number. Thus an author might cite ‘‘Berl. Klin.
Wochenschr., 1906, No. 6’°. 1 would cite this reference as ‘“‘Berl. Kiin. Wochenschr.
43(6): pages’’. In this way, a reader could verify that the two papers were the same,
though cited differently. Full pagination for each article has been given as called for
by the A.I.B.S. convention. A single page number indicates that the reference occupies
only one page. Deviations from these conventions are in the direction of giving more
information about the reference. I hope that the use of well defined conventions, and
explanatory footnotes where they seem to be necessary, will help readers to find
references in which they are interested more easily than I was able to do in many cases.



Papers in the reference lists marked with the symbol § have been translated into
English as part of the translations set, which appears as Unit IX.

The term “substrate” is sometimes used in forensic serology to mean the object
or material upon which a stain was deposited. The term also has the technical biochem-
ical meaning of the reactant(s) in enzyme-catalyzed reactions. I have restricted the use
of “substrate” to the biochemical meaning. Objects or materials upon which stains
have been deposited are “substrata” (singular: “substratum”).

In many of the respective sections dealing with genetic marker systems, I have
compiled as much U.S. population data as I could find with a reasonable amount of
effort. Some criteria had to be used in selecting and presenting this data. Since this
book was prepared with forensic serologists in this country in mind, I have included
only U.S. population data. I also decided, arbitrarily, not to include any data published
before 1950. The data are presented in tables in essentially the same form as given by
the original author(s). The only additions I have made are percentages of individuals
representing various phenotypes, in cases where the author(s) gave only numbers. I
have not tried to calculate numbers if the author(s) presented percentages. The popu-
lation sampled is described in the terms used by the original author(s). At the present
time, the single, most comprehensive reference work on population data ever compiled
is the 1976 edition of The Distribution of the Human Blood Groups and Other
Polymorphisms, by Mourant, Kope¢ and Domaniewska-Sobczak (cited in the text
as Mourant et al., 1976). No one seriously interested in human blood group population
data can do without this reference. In the older literature, a comprehensive tabulation
was prepared by W.C. Boyd in 1939. ABO and MN frequencies for many of the world’s
populations which had been studied were given.

Because this book took considerably longer to complete than was originally antic-
ipated, some more recent references may be cited in later units, and not in earlier ones,
even though they contain information on the subjects covered in both places. I have
made some effort to remedy this problem in revision, but may not have succeeded
entirely.

A large number of people have been helpful to me in many different ways in the
course of this project. I take pleasure in acknowledging their help and assistance in the
remainder of the preface. I am grateful to the following for granting their kind
permission to use material from figures and tables in published sources: American
Association for the Advancement of Science [publishers of Science]; Dr. V. A. Mc-
Kusick; W. B. Saunders & Co.; Elsevier Sequoia, S.A.; Prof. Dr. Hiroshi Hirose in
Japan; Interscience Publishers, Division of John Wiley & Sons; and Rutgers Univer-
sity Press.

The following were very helpful in locating, reproducing and/or obtaining permis-
sions to reprint the photographs of well-known investigators: A special word of thanks
to Lucinda Keister, Curator of the Photographic Collection, National Library of
Medicine. She was extremely helpful and cooperative throughout the entire project.
Col. Frank R. Camp, Jr. provided me with the photographs of L. Hirszfeld, F. Schiff,
R. R. Race and Ruth Sanger, and I am very grateful to Dr. R. R. Race who took time
to grant me permission to publish the last-mentioned of these pictures. Vergesellschaft
Otto Spatz, Munchen, kindly granted permission to reprint the photograph of Prof. Dr.
O. Prokop, which originally appeared in Muenchener Medizinische Wochenschrift.
Edizioni Minerva Medica, Torino, kindly granted permission for reprinting the photo-
graph of Prof. L. Lattes which originally appeared in Minerva Medicolegale.

As the project was largely bibliographic, I could not have managed it without the
assistance of many people associated with various libraries I used. Morton Goren and
Lavonne Wienke of the LEAA Library were very helpful in obtaining interlibrary loan
materials. I owe a special debt of thanks to Mr. Albert Berkowitz and his staff at the
National Library of Medicine in Bethesda. They provided me with space to work, and
a most congenial environment in which to do so, for more than two years time. The
NLM staff treated me as a colleague during may stay in the library. I would particu-
larly thank Doralee Agayoff, Jeanne Crosier, Edith Blair, Paula Strain, Maxine
Henke, Peggy Beavers, Richard Mumford, John Broadwyn, Dr. Stephen Kim, Char-
lotte Kenton, and Dorothy Hanks. All of them went out of their way to assist me in



various ways. Mr. Stanley Lewicki and Mr. Alexander Draznowski helped me in the
translations of languages of which I have no knowledge. Frank Liebersky was helpful
in translating foreign languages, and in locating documents in the collection as well.

I want to thank the Chief of the Stack and Reader Division, U.S. Library of
Congress, for providing me access to the collection.

A number of people provided me with references and translations to which I
would otherwise not have had access. Col. Kiel in Texas sent me translations of several
articles from Chinese. Mr. Walter Hoetzer of the International Association for
Identification provided me with several articles from Identification News. Mr. Richard
Tanton of West Palm Beach, FL, provided me with a translation of an article from
Czechoslovakian. The libraries of Toulouse University in France, and of the Julius-
Maximilian University in Germany, sent me copies of theses. Dr. Patricia Tippett

- kindly allowed me to consult her doctoral thesis when I was in London, and spent some
time talking with me as well. Many colleagues and friends made me aware of refer-
ences as the project progressed, and I want to thank all of them collectively.

My fellow visiting fellows at the National Institute of Justice were wonderful
colleagues for two years, and they have since become good friends. It was indeed a
pleasure to have been associated with them: Abraham Miller, Paul Wice, Joan Jacoby
and Kent Miller.

I want to thank Gary Siglar and W. C. Stuver for supplying me with population
data for U.S. cities prior to its publication elsewhere, and for granting me their
permission to use the data in the tables of this book.

I am very grateful to Dr. Peter Shenkin of the Department of Mathematics, John
Jay College of Criminal Justice of the City University of New York, for working with
me as a co-author for section 1.2.8.

A number of people agreed to read various sections of the manuscript during its
preparation, and they gave me many useful and constructive suggestions for im-
provements and modifications. In this respect, I want to thank Joanne Slaunwhite,
Frances Gdowski, W. C. Stuver, Dr. John Thornton, Dr. Henry Lee, Dr. Charles
Tumosa, Dr. Robert Shaler, Dr. Cornelius McWright, Dr. George Sensabaugh and
Dr. Patrick Lincoln. Dr. Lincoln was exceptionally helpful with his comments on a
number of major sections, and both he and Dr. Barbara Dodd have been extremely
kind and helpful to me over the years in many ways. In expressing my thanks to these
expert readers, I hasten to point out that the responsibility for any remaining
deficiencies and shortcomings is mine alone.

I am very grateful to the National Institute of Justice for the support provided to
me for this project. Without it, the project would certainly never have been under-
taken. I am grateful to my Government project monitors, Winifred L. Reed and the
late John O. Sullivan, for their patience and support over the several years. They not
only tolerated my presence for two years, but have always been supportive and under-
standing about the many delays the project has experienced.

I reserve very special praise and gratitude for Maureen Swift and for Danice
Gomien. Ms. Swift typed the entire manuscript, in some cases more than once. Ms.
Gomien prepared all the figures and tables. Both of them navigated hundreds of pages
of difficult material skillfully and well, somehow managing to make sense out of the
many curious symbols and usages that are found in this field. There is no doubt that
the work could not have been completed but for their continuing cooperation and
perseverance.

West Haven, Connecticut
December, 1980
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BACKGROUND MATERIAL






Forensic serology, if taken in its broadest sense to include
all aspects of the medico-legal examination of blood and
body fluids, draws its methods and the basis of its activities
from a number of traditional intellectual disciplines. Fore-
most among these are biochemistry, immunology and
genetics.

This being a sourcebook, an effort has been made to pro-
vide background on the various methods and concepts dis-
cussed as they come up. As a result, many aspects of bio-
chemistry, genetics and immunology are discussed in con-
nection with the various procedures and tests which are used
in forensic practice. Such an approach necessarily presents
much of the material of a particular unified body of knowl-
edge in a rather disjoint manner. Unit I has been included in
order to provide some background material in the unified
disciplines in a more organized fashion. This treatment is
brief and topical. No effort has been made to provide de-
tailed documentation of the background material, for that
approach would be the equivalent of preparing a sourcebook
in one of these related fields. References are given, many of
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them to standard texts, review articles, and so forth. Just as
detailed documentation was not in order for this unit, neither
was complete treatment of the various disciplines. Topics for
inclusion were selected on the basis of their relevance to
forensic serological tests or methods. A few topics which are
not particularly relevant to medico-legal practice, have been
briefly discussed for the sake of completeness.

The material included in the background chapters is not
regarded as being essential to the use of the succeeding units
of the Sourcebook. Cross references have been included,
where relevant, hiowever, so that readers who may wish to
consult the background material on a particular subject in
some context will be able to locate it without undue
difficulty.

Unit I consists of two sections, the first consisting of back-
ground material in biochemistry, immunology and genetics
and the second consisting of background material of various
selected methods which are widely used in forensic serology,
immunology and biochemistry.
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SECTION 1. BACKGROUND MATERIAL IN BIOCHEMISTRY,
GENETICS AND IMMUNOLOGY

1.1 Blochemistry

1.1.1 Classes of biologically important organic compounds
In this section, the structures of the major classes of com-
pounds of interest in biochemistry will be described. These
are carbohydrates, lipids, amino acids and proteins and nu-
cleotides and nucleic acids. Vitamins and coenzymes could
comprise another category, but will not be discussed in great
detail here. Some specialized types of molecules are dis-
cussed in other units, where germane. Porphyrins and hema-
tin compounds, for instance, are discussed in section 4.1
1.1.1.1. Carbohydrates. The carbohydrates are poly-
hydroxy aldehydes and ketones. The aldehydes are called
aldoses, and the simplest of these is glyceraldehyde, a three-
carbon compound. There are four-, five-, six- and seven-
carbon compounds as well. Dihydroxyacetone is the simplest
of the ketones, called ketoses, and there are likewise im-
portant four-, five- and six-carbon compounds in the group.
These simplest carbohydrates, called monosaccharides,
often have one or more asymmetric carbon atoms, giving rise
to 2" stereoisomers, where n is the number of the asymmetric
carbon atoms in the molecule. With aldohexoses, for exam-
ple, where n = 4, there are 16 possible stereoisomers, 8 of
which are mirror images of 8 others. The pairs of compounds
which are mirror images are designated D- and L-, and the
D-sugars may be thought of as being derived from
D-glyceraldehyde in terms of absolute configuration. Simi-
larly, the L-sugars may be thought of as being derived from
L-glyceraldehyde. The D-series of three-, four-, five- and
six-carbon sugars is shown in Fig. 1.1. Formulas used in this
figure are called Fisher projection formulas, and can ade-
quately represent the D- and L-forms of the compounds. In
solution, however, D-glucose or any other sugar, may show
" different behavior with respect to the rotation of plane polar-
ized light. This phenomenon comes about because the mole-
cule exists in solution as a cyclic hemiacetal, for which two
structures are possible. These are usually represented by
so-called Haworth formulas, as shown for glucose in
Fig. 1.2. Aldohexoses normally form six membered rings
through a C,—C; interaction, while ketoses, such as fruc-
tose, form five membered rings through a C,—C; inter-
action. The C, which can have its hydroxyl group oriented
above or below the plane of the ring is called the anomeric
carbon. The two optically distinct forms, a- and B8-, are
called anomers. The six-membered rings are termed pyra-
noses in systematic nomenclature, while the five-membered
rings are called furanoses, by analogy to pyran and furan.
More complicated carbohydrates are, for the most part,
polymers of monosaccharides. They may be homopolymers,

and can vary in size from disaccharides (two monomeric
units) to very large molecules (polysaccharides) like starch
or glycogen. Different bonding arrangements between
monomeric units are possible. Bonds in which the C, of one
unit is attached to the C, of the next are relatively common.
These are called 1->4 linkages. If the C, (anomeric carbon)
is in the a-configuration, the bond is called a1->4, while if it
is in the B-configuration, the bond is 81—>configuration, the
bond is B1—>4. Figures 1.3 and 1.4 show maltose, which has
an 14 bond, and cellobiose, which has a §1->4. Both con-
sist of glucose units. Long chains may be formed too, such as
that of amylose (Fig. 11.1). Branched polymers such as
amylopectin (Fig. 11.2) are possible, and are characterized by
«a1—>6 bonds at the branch points.

1.1.1.2 Lipids. The lipids are perhaps the most struc-
turally diverse class of compounds. They are considered to-
gether primarily on the basis of their solubility in organic
solvents. As a class, lipids are nonpolar, hydrophobic materi-
als. The simple lipids are neutral triglycerides and waxes.
Triglycerides consist of glycerol, with three moles of
esterified fatty acid. The fatty acids are simple aliphatic
organic acids, derived from alkanes or alkenes. They may be
saturated (having no double bonds in the chain) or un-
saturated (one or more double bonds in the hydrocarbon
chain). The most important fatty acids are the C,, through
C,, saturated compounds, the Ci acid with a 9,10-double
bond and the C,; acids with either one, two or three double
bonds. The structure of a triglyceride is shown in Fig. 1.5.
Waxes are esters in which both the acid and the alcohol
moieties have long hydrocarbon chains.

The more complex lipids may be phosphoglycerides,
sphingolipids, glycolipids, steroids or carotenoids. Phos-
pholipids are derivatives of phosphatidic acid (Fig. 1.6). The
phosphoric acid residue may be esterified again to various
compounds, as indicated in Fig. 1.7. The most common com-
pounds which are found as the “X” in Fig. 1.7 are glycerol,
inositol, ethanolamine, choline and serine. The compounds
thus formed are then called phosphatidyl glycerol, phos-
phatidyl inositol, and so forth. These are actually classes of
compounds, since the fatty acid residues can vary.

Sphingolipids are those derived from sphingosine
(Fig. 1.8). An example is sphingomyelin (Fig. 1.9) which
occurs in nervous tissue. Glycolipids are compounds con-
sisting of carbohydrate and lipid moieties in covalent link-
age. They are very important in some animal cell membrane
structures. Major classes of glycolipids are the cerebrosides
and the gangliosides. Complete hydrolysis of cerebrosides
yields sphingosine, one or two moles of fatty acid and a
simple sugar, usually glucose or galactose. Gangliosides are
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Figure 1.1 D - Series of aldoses
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Figure 1.2 Haworth formulas for the anomers of glucose
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Figure 1.3 Maltose
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Figure 1.4 Cellobiose

derivatives of cerebrosides and contain a more complex car-
bohydrate moiety, such as N-acetylated amino hexoses or
neuraminic acid. The latter is a modified C, hexose
(Fig. 1.10 and is also called sialic acid.

Steroids and sterols comprise another class of lipids. They
are characterized structurally by a fused hydrocarbon
ring system known as perhydrocyclopentanophenanthrene
(Fig. 1.11). The conventional ring numbering system is also

o

]
Hzc - 0 - C - (CH;)-.. - CHQ
O

H—C—O-—C—(Cl"l,),s-—CH3

1]
H,C—O—C—(CH),—CH=CH—-(CH)5—CH,

Figure 1.5 A Triglyceride

)
[

H,C — O — C — R,

‘ i

| o)

T

H,C — O — P — OH
I
o-

Figure 1.6 A phosphatic acid

given in the figure. The most abundant sterol in animals is
cholesterol (Fig. 1.12). The major male and female sex hor-
mones, testosterone (Fig. 1.13) and estradiol (Fig. 1.14)
belong to this class of compounds as well.

Carotenoids may be of two kinds, carotenes and
xanthophylls, the latter being most abundant in plants.
Carotenes are members of a group of compounds called
isoprenoids, because they are derived from isoprene

9
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H,C — 0 — C — R, | o)
| 0 H—C—NH-C-R
/]
H—C—0-C—R, ' 0 +
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1}
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|
0

Figure 1.9 A sphingomyelin
Figure 1.7 A phosphatidyl derivative

CH,OH
|
CHOH
I
HO—(i':H—CH = CH—(CH,),,—CH, CHOH
o)
H—C—NH, OH
I OH
‘CH,OH H—N COOH
I
c=0
|
Figure 1.8 Sphingosine CH,

Figure 1.10 N-acetyl neuraminic acid

15

Figure 1.11 Perhydrocyclopentanophenanthrene

10
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CH,
CH, — CH

Figure 1.12 Cholesterol

(Fig. 1.15). B-carotene (Fig. 1.16) is a good example of a
carotenoid. It is a C,, molecule, and oxidative cleavage at the
double bond in the middle of the molecule yields two mole-
cules of the alcohol form of Vitamin A.

1.1.1.3 Amino acids and proteins. Proteins are polymers
of amino acids, linked together by peptide bonds. Peptide
bonds link the —COOH of one amino acid residue to the
- —NH,; of the next one. Amino acid polymers may also be
referred to as polypeptides. This term implies a smaller
molecule than does protein, but may be used to distinguish
distinct chains within a single molecule which are bonded
together by other than peptide linkages. Smaller poly-
peptides are sometimes called oligopeptides.
"~ A few more than 20 amino acids occur in proteins in
nature. All have the basic structure

COOH
I
H— C— NH,
|
R

where the nature of R determines which amino acid is
which. The C to which the H, the COOH and the NH, are
bonded is called the a-carbon. If the R group contains a car-
bon chain, its carbons are sometimes designated by sequen-
tial Greek letters running from c. Thus, we may refer to the
eNH. group of lysine, for example. Table 1.1. shows the

naturally occurring amino acids. Each has a more or less
standard abbreviation of its name, and these are given in the
table as well. The abbreviations are used in writing in
sequences of polypeptides, and for the sake of brevity gener-
ally. They appear frequently in the remainder of the text of
the sourcebook. When R in the generalized amino acid for-
mula above is anything other than hydrogen, the a-carbon is
asymmetric and the amino acid exhibits optical isomerism,
i.e., it exists in both D- and L-forms. Glycine is the only
amino acid which does not show these isomers. The major-
ity of amino acids which does not show these isomers. The
majority of amino acids in nature are in the L-configuration.
The amino acids, as can be seen in Table 1.1, may be neu-
tral, acidic or basic, and may contain sulfur, hydroxyl
groups or aromatic rings. Since amino acids contain a
carboxyl and an amino group and in many cases other ioniz-
able groups, their ionic form depends upon the pH. This be-
havior is illustrated in Fig. 1.17. Each ionizable group is

OH
CH,

CH,;

o

Figure 1.13 Testosterone
11
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OH
CH,;

Figure 1.14 Estradiol

HO

characterized by a particular pK,, the pH at which the
protonated and unprotonated forms are present in equal
concentrations. .

Polymerization of amino acids by means of peptide bonds
involves both the a-amino and a-carboxyl group of every
residue in the chain except for the ones at the ends. At one
end, the amino acid will have a free amino group and the
amino acid at the other end will have a free carboxyl group.
By convention, the former is written to the left, and is called
the N-terminal or amino-terminal end. The latter is called
the C-terminal or carboxy-terminal end. Protein structure
will be discussed in somewhat more detail in Section 1.1.2.

1.1.1.4 Nucleotides and nucleic acids. These compounds
are of interest primarily because of the role they play in
biochemical genetics. Their structure is discussed in that
context in Section 1.2.2.3.

1.1.2 Proteins

1.1.2.1 Protein structure. Proteins have several levels of
structure, which come about because of the large size of
these molecules. The primary structure is the amino acid
sequence. There can be interchain or intrachain disulfide
bonds (or disulfide bridges), in which two cysteine residues
have their sulfur atoms bonded to one another. Formation of
a disulfide bond from the Cys residues is oxidative, in that
two hydrogens are removed. In longer protein chains, an-
other level of structure is generated by intrachain hydrogen
bonding among those atoms involved in the peptide link-

H,C CH, CH,

CH,

|
CH=CH-C=CH-CH=CH—-C=CH—-CH=

CH,

.
CH2=C—CH=CH2

Figure 1.15 Isoprene

ages, and is known as secondary structure. The secondary
structure may consist of helical or pleated sheet configura-
tions. Finally, proteins generally fold up into more or less
complicated three-dimensional structures, and this folded
arrangement is known as the tertiary structure. The special
configuration of every protein is unique. A number of forces
are responsible for the maintenance of the three-dimensional
conformation of proteins. These forces involve the side
chains of the amino acids which constitute the protein. Elec-
trostatic interactions may occur between oppositely charged
groups, such as the eeNH 3 group of lysine and the side chain

—COO~ group of glutamic acid. These interactions are

sometimes called “salt bridges™. Hydrogen bonding not in-

volving atoms involved in the peptide linkage may occur,

such as between the — OH of tyrosine and a carboxyl group
of Glu or Asp. Peptide bond hydrogen bonding between
different segments of chains of Ala, Val, Leu, Ileu, and Phe
are important as well. The sum of all these forces is responsi-
ble for maintaining the conformation. There are obviously a
large number of different combinations of these interactions
which are possible in a particular protein, each of which
would lead to a somewhat different conformation. The pro-
tein molecule generally assumes the most stable con-
formation available, maximizing interactions which lend
structural stability. In aqueous solution, protein con-
formation is influenced by the stabilizing effect of having the
polar side chains exposed to the aqueous environment, and
the nonpolar side chains away from water and more inside
the core of the molecule. Under a given set of conditions, a
protein will assume a particular conformation, its most
stable under those conditions. This structure is determined
by the particular amino acid sequence. A specified primary
structure gives rise to a unique three-dimensional folded
structure. The sum of all the side chain interactions leading
to the tertiary structure is a unique function of the sequence.
Because of the complex way in which protein molecules do
fold up, they assume conformational shapes which have a
kind of “inside” and “outside” to them. It is proper to speak

g g
CH—CH=C—CH=CH—-CH=C—-CH=CH

H,C CH,

H,C

Figure 1.16 4 -Carotene
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Table 1.1
COOH COOH
1 |
H—C—NH, H—C—NH,
| |
H CH,
Glycine Alanine
(Gly) (Ala)
COOH COOH
| ]
H-C—NH; H—C—NH,
l |
CH,OH CH
/' \
HO CH,
Serine
(Ser) Threonine
(Thr)
COOH COOH COOH
| | |
H—C—NH, H—C—NH; H—C—NH,
| | |
CH, CH; CH,
|
CH,
|
S
: OH
CH, Phenylalanine
(Phe) .
Methionine Tyrosine
(Met) (Tyr)
COOH (I:OOH COOH
! |
H—-C—NH; H—?—NH, H—C—NH,
' |
. e
|
i o
|
|
NH
Glutamic Acid 2 f"'z
(Glu)
Glutamine NH.
{Gin or Glu-NH,)
Lysine
(Lys)

The Amino Acids
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COOH COOH COOH
| | |
| | ]
CH CH, CH
/\ ! / \
H,C CH, H,C CH,
/\ I
H,C CH, CH,
Valine
(Val
al Leucine Isoleucine
(Leu) (lie or lleu)
COOH COOH ?OOH
| |
H—C—NH, H—-C—NH, H-CI:—NH,
| |
CH, CH; — S~ S — CH;
|
SH
Cystine
Cysteine (Cy—8-8-Cy)
(Cys)
COOH COOH COOH
| | |
H-—CI:-NH, H—-C—NH; H—-C—NH,
| |
CH, CH, CH,
S ] |
" COOH Cc=0
' . |
- NH.
Aspartic Acid
(Asp)
Asparagine
Tryptophan (Asn or Asp-NH,)
(Try or Trp)
.(l:OOH COOH
|
H—C—NH, H—-C-—NH,
| i
CH, CH,
|
. o
\y CH, N _—COOH
' H
Histidine “l"'
(His) C=NH Proline
I (Pro)
NH:
Arginine
(Arg)
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(I:OOH Coo- CO0~
+ - + | - |
OH OH
H,;N—-C—H : H;N-C—H —V—ﬁ H,N—C—-H
l H+ I H* I
R R R

Figure 1.17 lonic Forms of an Amino Acid

of the “surface of the molecule” with proteins. A fourth level
of structure is possible for proteins which consist of two or
more distinct polypeptide chain subunits. Called quaternary
structure, this level refers to the association of two or more
individually folded polypeptide chain subunits into aggre-
gates, as the result of non-covalent forces. The number of
subunits in such a protein can vary, some proteins consisting
of 10 or 12 subunits. Hemoglobin is a good example of a
subunit protein. Normal Hemoglobin A consists of four
chains, two called a-chains and the other two called
B-chains. Each chain complexes a heme group, and the in-
tact molecule is a tetramer, often denoted «,8,, and contain-
ing four heme groups (see in section 38).

It should be noted that complete structures are known for
very few proteins. Methods of sequence analysis have im-
proved to the extent that sequences are known for a fair
number of proteins. It is more difficult and laborious, how-
ever, to obtain information about the secondary and tertiary
structures. Detailed three-dimensional structures are known
for very few proteins. These structures are determined using
x-ray crystallography.

Any level of structural analysis of a protein requires that
it first be obtained in pure form. Purification of proteins is
often fairly involved, yields are often poor, and techniques
cannot always be found to purify a particular protein to the
desired degree. There is also the nagging problem of the
extent to which the purification procedure has modified the
molecule with respect to its in vivo condition. Proteins which
are associated with carbohydrates or lipids in some compli-
cated way, or proteins which are constituents of membranes
can present extremely difficult purification problems.

1.1.2.2 Protein purification. A variety of techniques are
used for purification of proteins. Cell free extracts are pre-
pared first. These preparations are sometimes called “crude
extracts.” Any method which gets the protein out of the cell
and still retains the biological activity of the protein is suit-
able for preparations of crude extracts. Sometimes, particu-
lar cells or organelles may be prepared, and the crude extract
made from them. Thus, one might make beef heart mito-
chondria first, or a preparation of washed red blood cells.
Depending upon the cell or preparation in question, sonic
oscillations, osmotic shock, treatment with detergents, or a
variety of other techniques could be used to get the protein
away from the cells or organelles.
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Protein solubility depends on the salt concentration.
Different proteins differ in this respect, and variation in salt
concentration can be used to precipitate proteins from solu-
tion. By collecting the precipitates, pouring off the material
still in solution, and then making the solution still more
concentrated in salt, a series of fractions can be obtained.
Ammonium sulfate is commonly used as the salt because of
its high solubility. Certain proteins “salt out™ at particular
ammonium sulfate concentrations, and the fraction contain-
ing the protein of interest can be collected, free of all the
proteins that are soluble, and subjected to further
purification.

Column chromatography is another popular technique.
Two major types of techniques are used, and they differ in
principle. In ion exchange chromatography, a support ma-
trix is covalently linked with side chain groups which have
cither positive or negative charges. Depending upon the
acidity (pK,) of the ionizable group, the over-all charge on
the column may depend on the pH. Ion exchange resins are
called “cation exchangers” or “anion exchangers” de-
pending on whether their fixed charge is positive or negative.
Proteins have net charge at all pH except for their isoelectric
point (pI), and can be attached to ion exchange resins. The
resins are then eluted with increasing concentrations of salt,
which competes for the resin exchanger binding sites, and
displaces the different proteins according to their net charge
and resultant binding strength. Fractions are collected and
searched for the protein of interest. A number of resins are
in common use, including various Dowex resins and diethyl-
aminoethyl (DEAE) cellulose or sephadex, carboxy-methyl
(CM) cellulose or sephadex and a number of others. Walton
(1975a and 1975b) has discussed ion exchange chro-
matography in detail, and Peterson (1970) has treated cellu-
losic ion exchangers in detail.

In so-called gel filtration chromatography, or molecular
sieving, separation of the proteins is effected on the basis of
size. Sephadex (a product of Pharmacia Fine Chemicals in
Sweden) is in very wide use for this purpose. Sephadexes are
dextrans, cross-linked to varying degrees in such a way as to
create pores within the matrix. There are a number of grades
of sephadex, having different pore sizes. Cross linked poly-
acrylamide gels (Bio Gel P-series, Bio-Rad Laboratories),
and agarose gels (Bio Gel A-series, Bio-Rad Laboratories
and Sepharoses from Pharmacia Fine Chemicals) are also in



use for molecular sieve chromatography. Molecules passing
through the matrix, which are small enough to get into the
pores, do so, and their passage is thus retarded in comparison
to those molecules which are “excluded.” Sephadexes and
other gels are calibrated by the manufacturer, usually with
globular proteins or polysaccharides. Proteins which have
peculiar shapes can behave differently on the gels than would
be expected on the basis of their molecular weight. For
example, a column which contains a gel support calibrated
to exclude molecules of 135,000-150,000 in molecular
weight will do so if they are globular. But if a molecule were
rod-shaped, interaction with the gel pores could occur in
spite of the fact that its molecular weight might be greater
than 150,000. Additional detailed information on molecular
-exclusion chromatography may be found in Determann and
Brewer (1975) and Fischer (1969).

Ultracentrifugation is widely employed as a purification
technique in biochemical studies. Ultracentrifuges produce
very intense gravitational fields. Commercial instruments

“are generally capable of speeds up to 70,000 rpm, depending
upon the rotor, and of generating gravitational fields of up to
500,000 X g. Ultracentrifugation techniques may be either

.sedimentation or density gradient methods. Sedimentation
methods are used primarily for characterization and MW
studies (see section 1.1.2.4). In sedimentation ultracentri-
fugation, the medium is of constant density. Density gra-
dient methods are more applicable to isolation and
purification. Solutes migrate in these systems in a medium of
gradually changing density. In velocity density gradient cen-
trifugation, a solvent medium with a pre-formed linear den-
sity gradient is employed, the solute being layered onto the
top. Solute materials of differing densities migrate to dis-
crete zones, and are thus separated. In equilibrium density
gradient centrifugation, the solute is yniformly mixed with a
dense inorganic salt, such as cesium chloride, and a linear
-density gradient is self-generated under the influence of the
gravitational field. Solutes of varying densities will collect in
zones corresponding to their own densities and will thus be
separated. Fractions from these gradients are readily col-
lected by puncturing the bottom of the centrifuge tube after
the run, and collecting fractions in separate tubes. Ana-
lytical ultracentrifugation, which is often applied to charac-
terization studies and MW determinations, is briefly
discussed in section 1.1.2.4.

At each step of the purification procedure, the material
must be assayed for the activity one is trying to purify. Only
in this way can it be determined whether a step has worked.
One must define units of activity for the protein in some
quantitative way in order to have a suitable assay. The assay
is based on the protein’s function, i.e., whether it is an en-
Zyme, an antibody, etc. After each step of the purification,
total protein is determined as well as total units of activity
present. The number of units of activity per mg protein is
called the specific activity. As purification proceeds, the
total amount of protein should be decreasing, because un-
wanted proteins are being purified out, and the prepa.ranon
should be growing richer in the protein of interest. Speclﬁc
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activity should therefore increase with each step. If it does
not do so, the purification step is probably not a good one for
that protein.

1.1.2.3 Estimation or protein. There are a number of
protein assays in use. The biuret method is based on the fact
that compounds containing two or more peptide bonds form
a deep blue-purple color with cupric salts in alkaline solu-
tion. The reagent is prepared from cupric sulfate, sodium
potassium tartrate and NaOH. Optical density is deter-
mined in the 540-560 nm region. The method was devised
for serum proteins (Robinson & Hogden, 1940; Weich-
selbaum, 1946; Gornall ef al., 1949), but has been modified
by many workers and is applicable to protein determination
generally (Layne, 1957).

Protein estimation by means of the Folin-Ciocalteu re-
agent is also called the “Lowry method” (Lowry et al. 1951).
The color obtained is the result of the biuret reaction, and
the reduction of phosphomolybdic-phosphotungstic acid re-
agent by tyrosine and tryptophane in the protein (see sec-
tion 10.3.4 for use of Folin-Ciocalteu reagent for estimating
phenol). The method is discussed by Layne (1957).

Most proteins absorb in the ultraviolet region at around

- 280 nm because of the presence of the aromatic amino acids.

Nucleic acids, frequent contaminants of protein prepara-
tions, absorb maximally at about 260 nm. Warburg and
Christian (1942) first described a technique for estimating
protein concentration by 280 nm absorption, and putting in
a correction for the nucleic acid absorption. In practice, the
absorbancy is determined at both 260 and 280 nm and ap-
propriate calculations carried out. Tables, such as the one
presented by Layne (1957), simplify the calculations.
Bradford (1976) described a sensitive and rapid protein
assay, based on the binding of the protein to Coomassie
Brilliant Blue G 250 (see Table 5.3). The assay was usable
for quantities of protein varying from 1 to 100 ug. The Ages
was linear with protein concentration to about 50 pg and
only slightly nonlinear at higher amounts. Only detergents in
relatively high concentrations interfered with the assay.
All the methods have advantages as well as drawbacks.
The Lowry method is somewhat more sensitive than the
classical Biuret, although the latter’s sensitivity can be in-
creased considerably by modifying the technique and scaling
down the volumes employed. The Lowry and 280/260 meth-
ods depend upon the aromatic amino acid content of the
protein, which is not of course always the same. The protein
concentration of a protein which has not been purified is
usually obtained by reference to a standard curve. The
standard curve has been constructed using some pure pro-
tein. Reference to the standard curve, therefore, does not
give the absolute protein concentration of a protein other
than the one used to make the curve, but all measurements
carried out with reference to the same standard curve will be
internally consistent, relative to one another. Standard
curves with the Lowry method often exhibit non-linearity.
The Bradford (1976) dye binding assay is not affected by a
number of chemicals which interfere with the Lowry assay,
and the color is considerably more stable over the course of
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time (maximal development in about 2 min and stable for an
hour).

1.1.2.4 Criteria of purity and MW determination. It is
always difficult to know when a protein preparation is
“pure.” As a rule, the preparation is subjected to several
separation techniques, such as disc electrophoresis or an ion
exchange column, and a single band or peak of activity
suggests purity. The analytical ultracentrifuge is sometimes
used to check preparations for purity, as well as for deter-
mination of the MW. The analytical ultracentrifuge can be
used to determine a quantity called the sedimentation
coefficient (or s), which is the velocity of sedimentation di-
vided by the centrifugal field strength (w?r), where r is the
distance from the center of rotation and  is the angular
velocity of the rotor. The units of s are seconds, and since
numbers of the order of 107! sec are commonly encoun-
tered, the quantity 1X 107! is defined as 1 Svedberg unit,
denoted S. The MW is related to s by different equations
which can be derived from the theory of ultracentrifugation
of macromolecules (see van Holde, 1971).

MW can also be determined by molecular sieving tech-
niques. Sephadex can be used for this purpose. A column of
sephadex is prepared for the approximate MW range in
which one expects the protein to lie. The column can then be
“calibrated” with proteins of known MW. The MW of the
unknown protein can then be estimated by how it behaves on
the column. A similar thing can be done with poly-
acrylamide gels, since these are synthetic and of controllable
pore size (see section 2). If a protein is pure enough, and can
be subjected to a complete amino acid analysis, the MW can
be calculated from the composition.

1.1.3 Enzymes

1.1.3.1 Introduction. Enzymes are the cellular protein
catalysts. Most biological reactions are enzyme-catalyzed,
and the intrinsic rates of the reactions in vivo are sufficiently
slow that the presence of the enzyme is the factor that allows
the reaction to occur at a significant rate. This is one of the
ways in which genetic control is exercised over specific reac-
tions (see section 1.2.2). Most enzymes exhibit a high degree
of specificity, and their activity is subject to regulation in the
cell at a number of different levels. Enzymes which exhibit
multiple molecular forms, and are polymorphic, are an im-
portant class of genetic markers in blood and body fluids,
and therefore, of great interest in legal medicine. The first
enzyme to be isolated and purified was urease. This work was
carried out by Dr. Sumner in 1926.

1.1.3.2 Enzyme Nomenclature. For years, enzyme no-
menclature grew up on an ad hoc basis. Names were usually,
but not always descriptive, and most of them ended in -ase.
Some trivial names give no information about the enzyme
whatever, e.g. pepsin, trypsin. Eventually, the need for a
systematic nomenclature became clear, and an international
Commission on Enzymes was set up in 1955 in consultation
with the International Union of Pure and Applied Chemistry
(IUPAC). The final recommendations of the working group
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were adopted in 1964 as the Recommendations (1964) of
the International Union of Biochemistry on the Nomen-
clature and Classification of Enzymes. A numnerical system’
was devised, very like the system which has been used to
number the sections and subsections of this book. Six major
categories of enzymes were established: 1. Oxidoreductases
2. Transferases 3. Hydrolases 4. Lyases 5. Isomerases
6. Ligases. Subsets of oxidoreductases are denoted 1.1, 1.2,
1.3, etc., of transferases, 2.1, 2.2, etc., and so forth. Subsets
of 1.1 are denoted 1.1.1, 1.1.2, and so on, and finally, subsets
of 1.1.1 would be denoted 1.1.1.1, 1.1.1.2, etc. At the level
where there are four numbers, a specific enzyme is denoted,
and the result is that all the enzymes which have been de-
scribed have a four-number systematic designation. In addi-
tion, a number of rules on the systematic nomenclature were
issued. The original document should be consulted for the
detailed rules. It was recognized that trivial names would
still be in use, and that it is not always necessary to use the
systematic name. The Commission recommended the pre-
ferred trivial name in each case. The systematic designation
may be illustrated by means of an example: the systematic
name of the well-known polymorphic erythrocyte enzyme
phosphoglucomutase (PGM) is a-D-glucose-1,6-diphos-
phate: a-D-glucose-1-phosphate phosphotransferase. PGM
has the designation 2.7.5.1. The 2 denotes transferases; 2.7
refers to transferases which transfer phosphate-containing
groups; 2.7.5 are phosphotransferases in which donors are
regenerated (catalyzing apparent intramolecular transfers);
and 2.7.5.1 is phosphoglucomutase. It is now common in the
literature to note the four-number designation of an enzyme.
The information is sometimes given parenthetically, some-
times accompanied by the systematic name, and generally
appears in the title of the paper or at the point of first
reference to the enzyme. One normally prefaces the four-
number designation with the letters “EC,” for ‘“enzyme
commission.” Thus, one might write “phosphoglucomutase
(PGM; EC 2.7.5.1).” Enzymes discussed in this book are
identified by their EC number and their systematic names
are given at the point of first reference.

1.1.3.3. Kinetics of enzyme catalyzed reactions Kinetics
is concerned with reaction rates. Enzyme kinetics is a com-
plex subject, and is not treated in depth in this section.
Simple Michaelis-Menten kinetics is presented because the
kinetic parameters derived from this kinetic treatment are
often used in describing enzymes, and the terminology
comes up in subsequent sections.

Any reaction is characterized at the molecular level by the
number of molecules that must interact prior to product
formation. This parameter, the molecularity, can be deter-
mined only from a knowledge of the reaction mechanism.
The dependence of reaction rate on the concentrations of
reactants is specified by the kinetic order of the reaction.
This parameter is determined experimentally by fitting data
to rate equations. Suppose a reaction in which A—B. The
rate of the reaction, or velocity (v) is equivalent to the rate
of disappearance of reactant and to the rate of appearance
of product:



- _d[A]_  d[B] _ a
v at ~ TTa —klal

where [ ] represents concentration, t is time, and k is the rate
constant. The rate constant is the same for a given reaction

under a specified set of conditions. The exponent, n, corre- -

sponds to the kinetic order of the reaction. If the rate of the
reaction is determined at different values of [A], n can be
determined. Then k can be determined as well. If n = O,
v = k, the rate is independent of reactant concentration, and
the reaction is said to be zero order. If n = 1,v = k[A], the
rate is directly proportional to [A], and the reaction is said
to be first order.

Michaelis and Menten studied the kinetics of the enzyme
catalyzed hydrolysis of sucrose and, by measuring the initial
velocity under different conditions, found that the rate was
proportional to the enzyme concentration if substrate was
held constant. If enzyme was held constant, the relationship
between initial velocity and substrate concentration was
found to be hyperbolic. Figure 1.18 illustrates this behavior,
which has been found to characterize many enzyme-
catalyzed reactions. For various reasons, the rates of

enzyme-catalyzed reactions can vary over the course of time, -

and for this reason it is important to use initial velocities in
doing kinetic studies. The Enzyme Commission recom-
mended that enzyme assays be based on the measurement of
initial velocities.

In simple terms, an enzyme-catalyzed reaction may be
represented:

E+S % Es & p

where E represents enzyme, S2 represents substrate, ES is the
enzyme-substrate complex, P is product, and the k’s are the
rate constants. The Michaelis-Menten treatment is based on

Vo

N rate first

order in substrate
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a rapidly attained steady state, in which the rates of for-
mation and disappearance of ES are equal, i.e.,
d [ES] _ _ d[ES]
dt dt

Since 9-[‘%5-1 = k, [E][S] and — 9[%5—1

= k, [ES] + k, [ES]
then k,[E] [S] = k,[ES] + k; [ES]
Assuming that the rate-limiting step is the formation of ES,
the initial velocity (v,) is proportional to [ES] and the max-
imum v, (denoted V,h,) will be proportional to the total
enzyme concentration [E,] because V,, occurs when all E is
complexed in ES. The above equation may be rewritten:

[es) = &b g s)

Since the proportionality constants relating v, to [ES] and
Viax to [E,] must be the same,
v, _ [ES]
Ve [Ei]
Solving for ES and substituting in the previous equation
yields

k, +

The term
Thus,
ve _ 1[E}(S]_ 1 ([E]-[ES]IS]
Vour  Kn [E] Kn [Ei]
and
v, = You [ELIS] _ [ESLISI _ You (15, [ESIIS]
K. [El] [E] [EJ
Substituting [ES] =

K, is defined as K, the Michaelis constant.

rate zero
% order in substrate

[s]

Figure 1.18 Initial Velocity of Enzyme Catalyzed Reaction
as a Function of Substrate Concentration
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and solving for v, gives the classical form of the Michaelis
Menten equation:
v = Vinax [S

: ° Knp+[S]

Two points about this representation are worthy of note.
First, if the equation is solved for [S] when v, = %V,,, it
will be found that [S] = K. In other words, K, is the
substrate concentration when the initial velocity is one half

k : L k, is very much
1

its maximal value. Second, K, is

greater than ks, then K, will be approximated by k,/k,, and
will be a measure of the affinity of E for S. Since the ES
formation rate constant is in the denominator, larger K,
values are interpreted as being representative of lower
affinities of E for S.

K. may be evaluated in a number of ways. The essential
data consists of a series of measurements of initial velocity
at various [S] at constant [E]. The Michaelis Menten equa-
tion can be rearranged in various ways to give equations of
the y = mx + b form, and K, can be calculated from plot-
ted data. For example, a plot of 1/v, against 1/S yields a
straight line with a slope of VK—'“— and a y-intercept of — Kl’

max m
and is called a Lineweaver-Burk plot. A plot of v,/S against

v, also yields a straight lire, but with a slope of — Kl; and a

7
V max

Koo and this is called an Eadie-Hofstee

plot. It should p:rhaps be noted that K, has units of
concentration.

Inhibitors are very important in studying enzymes. Infor-
mation about the enzyme’s catalytic action can be obtained
using different inhibitors. In many cases, kinetic studies with
inhibitors can be informative. Two important kinds of in-
hibition are called competitive and non-competitive. Com-
petitive inhibitors act by competing with the substrate for
the binding site on the enzyme. Non-competitive inhibitors
may interact with the enzyme at the substrate binding site,
or may bind elsewhere to the enzyme, or may bind the ES
complex. The kinetic characteristics of the two types of in-
hibition are different. Equations can be derived from
Michaelis-Menten considerations, taking inhibition into ac-
count. These can be arranged to yield straight line forms
which indicate the changes expected in the presence of
different types of inhibitors. Competitive inhibitors increase
K. and leave V,, unchanged, while with non-competitive
inhibitors, V., is altered but K, remains unchanged. A
Lineweaver-Burk plot illustrating this behavior is shown in
Figure 1.19. It may be noted from the figure that the change

y-intercept of

L

- 1/Km

Figure 1.19 Lineweaver-Burk Plot Showing Hypothetical
Curves for Enzyme Catalyzed Reaction and Behavior
With Competitive and Non-competitive Inhibitors
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in K, or in V,,,, brought about by the inhibitors is equivalent
to .
I
1+ II-GI

where [I] represents inhibitor concentration and K; is a dis-
sociation constant for the reaction of enzyme with inhibitor:
E + I=EIl Mahler and Cordes (1971) may be consulted for
a more detailed treatment of enzyme kinetics.

1.1.3.4 Enzyme-catalyzed reactions and cofactors. The
essential feature of enzyme-catalyzed reactions is their
specificity. In some cases, the specificity is absolute, but in
others, it is broader. Specificity is based on the fact that an
enzyme contains a particular constellation of a few amino
acid residues in the structure, ordered in space in a particu-
lar way. This “active site” recognizes the substrate molecule.
Originally, it was thought that the special configuration of

the active protein was rigid, and that substrate recognition -

and binding represented a kind of “lock and key” affair. This
explanation suffices well in cases where substrate specificity
is absolute, but does not easily explain the cases in which a
number of related substrates can be acted upon. Koshland’s
“induced fit theory” allows for more flexibility in the active
site. According to this idea, approach of the substrate may
induce subtle conformational changes in the protein, yield-
ing proper orientation of the active site’s residues for binding
and catalysis.

Most enzymes exhibit maximal catalytic activity over rel-
atively narrow ranges of pH. It is necessary, therefore, to
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buffer solutions used for enzyme work to pH values near the
pH optimum. Extremes of pH can denature enzymes. Simi-
larly, many enzymes do not survive extremes of temperature
very well. The behavior of enzymes under various conditions
varies widely though. The environment of the enzyme has a
good deal to do with its stability. Purified enzymes may be
denatured under conditions different from those which
would denature the enzyme in vivo, and conversely. Many
isoenzymes of the red cell are active in lysates that have been
frozen. Similarly, dessication alone does not denature many
red cell enzymes irreversibly, because these can be deter-
mined from dried blood stains. It is true that very little is
known about the detailed changes which the proteins
undergo in being dessicated, and later reconstituted.

Many enzymes depend on the presence of an additional
molecule or atom for their catalytic activity. These addi-
tional molecules are called cofactors. Sometimes, a simple
ion such as Zn** or Cl~ is required for activity, while in
other cases the cofactor is an organic molecule. The organic
cofactors, many of which are derived from vitamins, are
sometimes called coenzymes. In the jargon of biochemistry,
the enzyme protein without its cofactor is called the apo-
enzyme, and the intact catalytic unit, protein plus cofactor,
is called the holoenzyme. Some cofactors can be quite read-
ily dissociated from the protein, while others are very tightly
bound. A few of the more common cofactors, and the types
of reactions in which they are involved, are indicated in
Table 1.2.

Table 1.2 Coenzymes

Coenzyme

Nicotinamide Adenine Dinucleotide
(NAD)

Nicotinamide Adenine Dinucleotide
Phosphate (NADP)

Flavin Adenine Dinucleotide (FAD)

Coenzyme A

Thiamine Pyrophosphate

Biotin

Pyridoxal Phosphate

Type of Reaction

Oxidation-Reduction

Oxidation-Reduction
Oxidation-Reduction

Activation and Transfer
of Acyl Groups

Acyl Group Transfer
Carbon Dioxide Fixation

Transamination of Amino Acids
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1.1.4 Metabolism

Metabolism refers to the sum total of all the reactions
participating in the life of an organism in all their particu-
lars. Sometimes, metabolism is subdivided into anabolism,
or synthetic reactions, and catabolism, or degradative reac-
tions. Anabolic pathways generally require energy, while
catabolic ones generally liberate it.

Metabolic pathways will not be discussed here. Many
good standard texts and reviews are available on the subject,
which is enormously complex. Some comments on the meta-
bolic roles of enzymes and other compounds discussed in
subsequent units are included in those sections.

1.2.1 Introduction

The science of genetics as an independent field of inquiry
has developed almost in its entirety in the present century.
The first systematic experiments from which constructive
conclusions could be drawn on the nature of inheritance were
carried out in a monastery in Briinn (now Brno, Czech-
oslovakia) by Gregor Mendel (1822-1884). The now clas-
sical experiments, carried out on garden pea plants, occupied
about 8 years, being communicated to the local scientific
society in 1865 (Mendel, 1865). The original paper was
translated by the Royal Horticultural Society, and was pub-
lished by Bateson (1909) with modifications and notes. It is
reprinted in Peters (1959). For reasons which are not al-
together clear, no notice was taken of Mendel’s work until
1900, when the European botanists, Correns, Tschermak
and deVries, confirmed Mendel’s original results. Some au-
thors have marked 1900 as the year in which Mendel’s work
was “‘rediscovered.” At least a part of the credit for bringing
the work, and its confirmation by others, to the attention of
the British scientific community must go to Bateson (Car-
Ison, 1966). Bateson became quite interested in Mendel and
his work, and Bateson’s book, published in 1909, is an excel-
lent source of material on the subject. Mendel was primarily
a teacher until 1868, when he became abbot, or “Prilat,” of
his monastic community. He does not appear to have had
much time to devote to his experiments after that time.
Among other things, he became embroiled in a dispute with
the government over an 1872 law which imposed taxes upon
the property of religious houses. During the last decade of
his life, he is said to have been bitter and disappointed over
a number of matters. He is known to have been deeply
disappointed by the fact that the results of his work were
largely neglected by scientific colleagues. He wrote a num-
ber of letters to Nageli, a leading naturalist, but was appar-
ently unable to interest him in the discoveries. Bateson
(1909) speculated that he may not have made any further
efforts. Mendel is known to have done other sets of experi-
ments too, most notably on heredity in bees, but the notes
and records he was known to have kept were never found.

The term “genetics™ was coined by Bateson in 1905 in a
letter he wrote to Sedgwick (Carlson, 1966). The term
‘“gene” to represent the discreet units of heredity, which had
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been revealed by Mendel’s studies, was coined by Johannsen
in 1909 (Carlson, 1966). Throughout the first twenty-five
years of the 20th century, an understanding of the principles
underlying inheritance, and many of their complexities, was
gradually reached. The names of William Bateson, R. C.
Punnett, G. H. Hardy, W. Weinberg, T. H. Morgan, A. H.
Sturtevant, Sewall Wright, H. J. Muller and C. B. Bridges,
and many others are associated with this work. Morgan won
the Nobel Prize in 1933 “for his discoveries concerning the
role played by the chromosomes in heredity”; Muller was
likewise honored in 1946 “for his discovery of the production
of mutations by means of X-ray irradiation.”

1.2.2 Gene action at the biochemical level

1.2.2.1 Development of the one gene-one enzyme
hypothesis—the beginning of present day understanding.
The behavior of the “genes” in genetic experiments, various
types of inheritance, and the chromosomal basis of inher-
itance, will be considered in later sections. In this section is
considered the development of biochemical genetics, which
involves the chemical nature of the genetic material and the
way in which genes act at the molecular level.

The earliest investigations on the role of genes in metabo-
lism were carried out by an English physician, Archibald E.
Garrod. He studied a number of defects, including albinism,
cystinuria and alcaptonuria. In 1902, when he directed his
attention to the problem, more information was available
about alcaptonuria than about the others. Alcaptonuria is a
rare condition, harmless for the most part, and characterized
by the fact that the urine of affected persons would change
to dark colors upon standing. It was clear from the informa-
tion on marriages which had produced alcaptonuric
offspring that the incidence was much higher in cases of first
cousin marriages. Garrod was also inclined to believe that
the condition was caused by some alteration in normal me-
tabolism. By 1908, when he delivered the Croonian lectures,
Garrod was suggesting that a number of these rare anoma-
lies could be grouped together under the heading of “inborn
errors of metabolism.” They appeared to be inherited as
recessive traits according to Mendel’s laws and, although
little was known about enzymes or metabolism, he appeared
to think that metabolism was represented by interdependent,
sequential series of reactions, and that specific enzymes
played a role in these reactions. It would be several decades
before the significance of Garrod’s thinking was fully appre-
ciated. Despite the Croonian lectures, and some interest on
the part of others, biochemists did not take much interest in

_genetics until much later. Garrod published a book on “in-

born errors of metabolism” in 1923. We know now that
alcaptonuria is indeed an “inborn error of metabolism”,
namely the absence of homogentisic acid oxidase, and that it
is controlled by a simple Mendelian recessive gene.
Homogentisic acid (2,5-dihydroxyphenylacetic acid) is an
intermediate in phenylalanine and tyrosine catabolism. Ab-
sence of the enzyme causes an accumulation of the com-
pound, which is excreted in urine. A related inborn error,
and one with far more serious consequences, is phenyl-



ketonuria (PKU). Inherited as a Mendelian recessive, this
condition is caused by the absence of phenylalanine hy-
droxylase, the enzyme which converts phenylalanine to
tyrosine. Unless this condition is detected at birth, and
treated promptly by withholding phenylalanine from the
diet, irreversible mental retardation is inevitably the resuit.
PKU was discovered by Folling in 1934.

It was not until 1941 that the first experimental evidence
was put forth that genes have directly to do with specific
enzymes in biochemical pathways. Beadle and Tatum
(1941), using the mold Neurospora, could relate the pres-
ence of specific mutant genes in the organism, which affected
their ability to synthesize vitamins, to the synthetic pathway
involved. Studies on Neurospora were continued and
biochemical and genetic studies were quickly extended to
bacteria by Lederberg and others. These studies led to the
development of what has been called the one gene-one en-
zyme hypothesis. In these terms, genes act by exercising
control over specific biochemical reactions, and they do so by
controlling the specific enzymes which catalyze those re-
actions. In 1958, Beadle and Tatum were awarded the Nobel
Prize “for their discovery that genes act by regulating

definite chemical events”; Lederberg shared the award “for -

his discoveries concerning genetic recombination and the
organization of the genetic material in bacteria”.

Our current conception of the “gene” is somewhat more
well defined in terms of what has been learned about how the
genetic material controls protein synthesis. The gene may be
thought of as a linear segment of DNA, specifying the syn-
thesis of a polypeptide chain. In many cases, more than one
such polypeptide chain is required to form a complete, func-
tional product (protein), and thus, more than one gene can
be involved in the synthesis of a particular protein. It is
known, particularly from studies in bacteria and viruses,
that a gene may consist of two or more lesser segments of
DNA, linearly arranged to form the “gene”, but dis-
tinguishable in certain kinds of genetic tests. These units are
called cistrons, because the genetic test used to characterize
them is called a “‘cis-trans’ test.

1.2.2.2 Evidence that DNA is the genetic material. Our
present understanding of gene action is based on the work of
many investigators. Important pieces of information which
were necessary to understand the complete mechanism were:
(1) DNA is the genetic material; (2) the chemical structure
of DNA; (3) the fact that proteins are not synthesized
directly from DNA but from a complementary RNA mole-
cule; and (4) the mechanism by which nucleic acid
sequences can specify amino acid sequences.

Evidence that deoxyribonucleic acid (DNA) is the genetic
material came from several investigators’ results. In 1928
Griffith observed that virulent and non-virulent types of
Pneumococcus could be transformed in some way, one into
the other, within an animal. Heat-killed virulent type bacte-
ria (which were no longer virulent) were injected into ani-
mals along with living, non-virulent type bacteria. Many of
the animals died, and living, virulent type bacteria could be
recovered from the survivors. Some principle in the heat-
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killed virulent type bacteria was thus capable of trans-
forming the living, non-virulent type into virulent type.
Later experiments showed that this transformation could be
effected in vitro as well. The now classical experiments of
Avery, McLeod and McCarty (1944) demonstrated that the
“transforming principle” was in fact DNA. Another im-
portant study was done by Hershey and Chase (1952) with
bacteriophages. These viruses infect bacteria, and utilize the
bacterial cell’s biochemical machinery for their own re-
production. The phage consists of DNA (or sometimes
RNA) in a “core,” and a protein “coat.” By labelling the
protein and the DNA with different radioactive tracer
atoms, Hershey and Chase could show that it was the nucleic
acid which entered the bacterial cell, and that it, and not the
protein, was thus the component required for the production
of genetically identical viruses.

1.2.2.3 Structure of DNA and RNA. Nucleic acids are
polymers of nucleotides. Nucleotides are molecules consist-
ing of one of five nitrogenous bases, a five-carbon sugar, and
phosphate. The nitrogenous bases which occur in nucleic
acids are of two types, purines and pyrimidines. The purines
are adenine and guanine; the pyrimidines are thymine, cyto-
sine and uracil (Fig. 1.20). The names of the bases are
sometimes abbreviated to the first letter of the name, A, G,
T, C and U. The five carbon sugar may be ribose or deoxy-
ribose (Fig. 1.21). Ribose containing nucleotides make up
RNA while deoxyribose containing nucleotides make up
DNA. The purines and pyrimidines can be linked to either
of the sugars in the absence of phosphate forming molecules
called nucleosides. The structures of two of the ten possible
nucleosides, deoxyadenosine and thymidine, are shown in
Fig. 1.22. Note that the purine or pyrimidine ring structures
are numbered conventionally, while the sugar ring positions
are indicated by primed numbers. Phosphoric acid can be
esterified to the nucleosides through the 3’-position in the
sugar residue, the resulting nucleoside phosphates being
called nucleotides. The nucleotides corresponding to the nu-
cleosides shown in Fig. 1.22 are shown in Fig. 1.23.
Esterification at the 5’ position occurs as well. Table 1.3
gives the names of the bases, and the nucleosides and nucleo-
tides formed from each of them for both ribose and deoxy-
ribose forms.

Nucleotide residues may be linked together by sugar-
phosphate-sugar bonds to form polynucleotide chains. Long
polynucleotide chains are known as nucleic acids. The struc-
ture of a deoxyribose polynucleotide chain is shown in
Fig. 1.24. Note that the phosphodiester bonds holding the
nucleotides together link the 3’ carbon of one sugar residue
to the 5’ carbon of the next, and so forth. With some excep-
tions, which will not be gone into, RNA usually consists of
one chain, of the kind shown in Fig. 1.24, except that the
sugar is ribose. RNA does not usually contain thymine nu-
cleotides. DNA does not contain uridine nucleotides. The
structure of DNA is more complicated than that of RNA
because it usually involves two chains, or strands. It consists,
as mentioned already, of A, C, T and G nucleotides.
Chargaff found that in DNA from mammalian sources, the
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amount of A was the same as that of T, while the amount of
C was the same as that of G. The A + T/C + G ratio did
vary in DNA from different sources. Data from X-ray
diffraction studies by Wilkins and Franklin and the informa-
tion from chemical studies enabled Watson and Crick to
postulate a structure for DNA in 1953. This structure, the
now well-known double helix, is the usual structure of DNA.
Watson, Crick and Wilkins shared the Nobel Prize in 1962
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“for their discoveries concerning the molecular structure of
nucleic acids and its significance for information transfer in
living material”. The double helix is constructed from two
polynucleotide chains. They are held together by hydrogen
bonds which occur between A and T and between C and G.
The structure is shown diagramatically in Fig. 1.25. Note
that the direction in which the 3’5’ phosphodiester bonds
run is reversed in the two complementary chains, as indi-



ribose

deoxyribose

Figure 1.21 Ribose and Deoxyribose Sugars
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(3) semiconservative mechanism, in which the double
stranded molecule separates into single strands, and each
acts as a template for the synthesis of a new complementary
strand. In 1958, Meselsohn and Stahl carried out their now
classical experiments on DNA replication, and proved that
the mechanism was semi-conservative. The process is indi-
cated diagramatically in Fig. 1.27. The cell free synthesis of
DNA from single stranded templates and nucleotide precur-
sors in 1956 was completely consistent with what was al-
ready known (Kornberg et al., 1956; Kornberg, 1959). He

OH OH

Thymidine

Figure 1.22 Nucleosides

cated by the arrows. Three dimensionally, the molecule is in
a helical configuration, one helical chain being wound about
the other (Fig. 1.26).

1.2.2.4 Replication of DNA. DNA replicates during cell
division, yielding exact copies of the parent molecules. The
structure must allow for a mechanism by which this repli-
cation can take place. In theory, there are three mechanisms
by which the molecule could replicate: (1) dispersive
mechanism, in which the molecule was broken up into small
fragments, the small fragments replicated, and the larger
molecules then somehow reassembled; (2) conservative
mechanism, in which the entire double stranded molecule
acts as a template for the synthesis of daughter chains; and

received the Nobel Prize in 1959, along with Ochoa, “for
their discovery of the mechanisms in the biological synthesis
of ribonucleic and deoxyribonucleic acid.”

1.2.2.5 RNA, Protein synthesis and the genetic
code. There are three types of RNA in cells: messenger
RNA (m-RNA), ribosomal RNA (r-RNA), and transfer
RNA (t-RNA). The last-mentioned is also called soluble
RNA (s-RNA). Messenger RNA serves as the actual tem-
plate for protein synthesis. It is synthesized enzymatically
from one of the strands of DNA, the sequence of the
m-RNA being complementary to that of DNA, in accor-
dance with the base pairing rules. In effect, the com-
plementary bases of RNA nucleotides bind to the bases of
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the nucleotides within the DNA strand, and are then en-
zymatically linked. An A in DNA calis for a U in the com-
plementary RNA, a T in DNA for an A in RNA, a Cin
DNA for a Gin RNA and a Gin DNA for a Cin RNA. The
A-T (A-U) and C-G base pairing serves to align the ribo-
nucleotides on the DNA template. This is illustrated in
Fig. 1.29.

Ribosomal RNA is, as the name implies, an integral com-
ponent of the ribosome, the cytoplasmic site of protein syn-
thesis. Ribosomes are composed of two subunits, and contain
protein in addition to the r-RNA. The precise details of
ribosome function are not yet fully understood, but in gen-
eral, the ribosome functions to associate m-RNA, amino
acids and the appropriate enzymes into configurations suit-
able for protein synthesis to take place.

Transfer-RNA molecules are the smallest of the ribo-
nucleic acids. They provide the link between the amino acid
and the appropriate nucleotide sequences in m-RNA, serv-
ing, in effect, as adapter molecules. There are a number of
different t-RNA molecules in the cell, at least one for each
of the amino acids which occurs in proteins, and some others
which carry out specialized functions. In 1965, Holley ez al.
published the complete sequence of alanine-t-RNA. The
structure is shown in Fig. 1.28. There is much evidence to
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support the “cloverleaf” conformation of the molecule
shown in the figure.

During the 1960’s, the mechanism of protein synthesis
was worked out. It became clear that the amino acid se-
quence of the protein was specified by the base sequence in
the m-RNA which had, in turn, been specified by the base
sequence in DNA. There are four bases in RN A, and we now
know that a linear sequence of three bases in the chain is
required to specify an amino acid. The “code word”, or
codon, therefore, is a triplet. Nirenberg and his collaborators
did many of the experiments which resulted in the assign-
ment of the codons. The polynucleotides of known sequence,
synthesized by Khorana and his associates, also figured im-
portantly in this work. Nirenberg, Khorana and Holley
jointly received the Nobel Prize in 1968 “for their inter-
pretation of the genetic code and its function in protein
synthesis.”

Using the four bases of RNA to form triplets allows for 64
codons. Since there are only 20-0dd amino acids, the genetic
code, as it is called, is degenerate, i.e., there can be more
than one codon for a particular amino acid. It is now known
that the code is non-overlapping, and does not contain
“punctuation.” By non-overlapping is meant that the code is
read in strictly linear order, three bases at a time. The se-
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Table 1.3 Naming of Bases, Nucleosides and Nucleotides

Base Ribonucleoside Ribonucleotide Deoxyribonucleoside Deoxyribonucleotide
Adenine Adenosine Adenylic acid Deoxy-adenosine Deoxyadenylic acid
Guanine Guanosine Guanylic acid Deoxy-guanosine Deoxyguanylic acid
Cytosine Cytidine Cytidylic acid Deoxy-cytosine Deoxycytidylic acid
Thymine Thymidine Thymidylic acid Deoxy-thymidine Deoxythymidylic acid
Uracil Uridine Uridylic acid Deoxy-uridine Deoxyuridylic acid

NH, .
quence AUGUUUGGA, for example, is read AUG UUU
/N N GGA, and not as AUG UGU GUU, or as AUG GUU UUG,
\ < | etc. The overall scheme is indicated diagramatically in
(] N N/ - Fig. 1.29. Transfer-RNA’s are able to bind to particular
| o amino acids. In addition, they possess a trinucleotide se-
CH,

quence in their structure which “recognizes” the m-RNA

codon by base pairing, i.e., is complementary to the codon.

This trinucleotide sequence in the t-RNA is called the anti-

codon. Therefore, to say that UUU codes for phenylalanine

[} is to say that Phe-t-RNA has the anticodon sequence AAA
which can base pair (bind) the UUU codon. The genetic
=0 I code is shown in Table 1.4. There are codons which call for
/L initiation of protein synthesis as well as those which call for

N o termination.

The process of protein synthesis is quite a bit more compli-
cated than has been outlined here. Many of the details have
been omitted for the sake of brevity. Further information on
the subject may be found in Levine (1968), Watson (1976),
Zubay (1968) and Zubay and Marmur (1973), and in many
o NH, textbooks.

1.2.3 Chromosomes

I The DNA of the cell is organized in the nuclear chromo-

/ N /Lo somes. The behavior of the chromosomes can be observed
microscopically. Cell division is the fundamental process by
CH. O which cells make exact copies of themselves. In unicellular
2 organisms, cell division is equivalent to reproduction, and in
multicellular organisms, cell division is required for growth
and differentiation. Sexually reproducing organisms carry
out a specialized kind of cell division in order to produce

o gametes, or sex cells. There are, thus, two important kinds of
cell division. The first, mitosis, is a process in which a cell

— 0-P=0 divides to produce genetically equivalent daughter cells. The
/ second type, meiosis, is characteristic of sexually repro-

ducing organisms, and represents the process by which

gametes are formed. The gametes contain half the number

of chromosomes of other cells in the organism, the original

Figure 1.24 A Deoxyribose Polynucleotide Chain number of chromosomes being restored at fertilization,
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Figure 1.25 Double-stranded DNA. S = deoxyribose sugar
P = phosphate A,C,T,G = purine and pyrimidine
bases ::: = hydrogen bonds.

when the gametes combine. The gamete contains in its chro-
mosomes a random half of the genetic information from the
parent from whom it is derived. All species contain a charac-
teristic number of chromosomes, and chromosomes occur in
pairs. The two members of a pair are said to be homologous.
The total number of chromosomes is called the diploid (2n)
number. Half that number, the number found in gametes, is
called the haploid (n) number.

1.2.3.1 Mitosis. Mitosis or cell division is usually divided
into a number of phases. The process is represented dia-
gramatically in Fig. 1.30. The terminology used to describe
mitotic phases is not important to this discussion. The essen-
tial features of the process are the pairing of homologous
chromosomes, their replication, and their arrangement in
such a way that a complete set of chromosomes is drawn to
opposite poles of the dividing cell. Upon division of the cyto-
plasm, each daughter cell contains a complete set of chromo-
somes, exact copies of the original set.
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1.2.3.2 Meiosis. Meiosis is the process by which sexually
reproducing organisms form their gametes. It is similar to
mitosis in many respects, but results in four instead of two
products, each of which possess a haploid number of chro-
mosomes. The process is illustrated diagramatically in Fig-
ure 1.31. Meiosis differs from mitosis in that homologous
chromosomes pair and replicate, but there are then two suc-
cessive cellular divisions, resulting in four cells, each of
which possesses one member of each of the original pair of
chromosomes. Gametes are therefore haploid cells. At fertil-
ization, the diploid number of chromosomes is restored in a
single cell (the fertilized egg, or zygote), and the chromo-
some number characteristic of the species is maintained and
conserved.

1.2.3.3 Human chromosomes and sex determina-
tion. For a long time it was believed that human beings had
a diploid number of 48 chromosomes. In 1956, Tjio and
Levan carefully examined cells in tissue culture, and found



Figure 1.26 Double helical DNA

that the diploid number is, in fact, 46. 44 of these chromo-
somes consist of 22 homologous pairs, and these are usually
called autosomes. The remaining two chromosomes in a
given person may be either a pair of X-chromosomes, or an
X and a Y chromosome. The X and Y are called sex chro-
mosomes. XX people are female, while XY people are male.
With a few bizarre exceptions in which hormonal or other
factors seem to play a major role, sex in human beings is
chromosomally determined. Females are XX and ova always
contain an X chromosome in addition to 22 autosomes after
meiosis. Males are XY, and meiosis gives rise to an equal
number of X-bearing and Y-bearing sperm. The sex of the
offspring is determined, therefore, by whether an X- or Y-
bearing sperm cell fertilizes the ovum.

Background—Genetics

There are a number of chromosomal aberrations in hu-
mans. With present-day cytogenetic techniques, a few cells
can be removed from an individual, grown in tissue culture,
and used to prepare good, stained preparations in which the
chromosomes are visible under the microscope. If a photo-
micrograph is then made and enlarged, the pictures of the
chromosomes can be cut out, classified, and arranged in
order to see if chromosomal abnormalities are present. This
technique is called karyotyping. Fetuses can be karyotyped
in utero by collecting a few cells from the amnion for the
culture, a procedure known as amniocentesis. One of the
abnormalities that can occur in human beings is Down’s
syndrome, or mongolism. This condition, characterized by
mental retardation, impaired motor development and de-
creased life expectancy, is the result of an affected individual
having three, instead of two, number 21 chromosomes. The
condition of having three chromosomes, where there ought
to be two, is called trisomy, and Down’s syndrome may be
said to be the result of trisomy at chromosome 21. There are
abnormalities of the sex chromosomes as well. Persons hav-
ing 45 chromosomes, and only one X, are said to be XO.
They are females and suffer from a kind of gonadal dys-

- genesis called Turner’s syndrome. There are abnormal males

who possess 47 chromosomes, with an XXY complement of
sex chromosomes. They are said to suffer from Klinefelter’s
syndrome. There are many other abnormalities as well.

1.2.4 Patterns of inheritance

1.2.4.1 Simple patterns. Mendel’s discoveries had to do
with simple modes of autosomal inheritance. Individuals
have a pair of genes which control a particular, simply inher-
ited trait. Genes are usually represented by letters. Mendel
was able to explain the results of his crosses using simple
genetic models. The elegance of his findings is difficult to
appreciate in view of what is known today, but nothing of the
chromosomal basis of inheritance was known at the time
when the experiments were done.

The phenotype of an organism is the way it looks with
respect to a particular trait, i.e. how the gene is expressed.
Thus, eye color in Drosophila (the fruit fly), flower color in
many plants, and blood types in-humans are phenotypes. The
genotype is the gene composition of the organism for the
particular trait. To state the genotype is to state which genes
are actually present on the chromosomes.

Suppose a hypothetical flowering plant species. Two types
are available, one with red flowers, and another with white
flowers. Each of these is “breeding true”, i.e. crosses among
red-flowered plants always produce red flowered offspring,
and similarly for the white-flowered plants. Suppose that the
red flowered and white flowered plants are crossed, fairly
large numbers of off-spring are obtained, and they all have
red flowers. This “first filial generation” or F, is now crossed
with other F, plants again yielding large numbers of plants
in an F, generation. It is now found that there are about 3
red-flowered plants for every white-flowered plant. A simple
genetic explanation for these observations is shown in
Fig. 1.32. Since red appears exclusively in the F), it is called
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dominant over white. White has not disappeared because it
reappears in the F,. White is called recessive in this case. Let
R stand for the gene determining red flower color and r stand
for the gene determining white flower color. True breeding
red flowered plants are genotypically RR while the white
flowered counterparts are genotypically rr. Red plants <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>