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Preface

During the 10 years that have elapsed since FDA approval of recombinant
human insulin, over 100 products derived from biotechnological processes have
progressed to the stage of clinical use or human trials. Over the next 10 years,
global sales of biotechnology products are expected to approximate $30 billion
per annum. It is therefore abundantly clear that the practice of pharmacy has
been, and will continue to be, strongly influenced by the field of biotechnology
and that the practicing pharmacist should have a firm understanding of the area.
Because it is a relatively new field of scientific endeavor, however, traditional
pharmacy curricula have not included comprehensive coverage of basic biotech-
nology or the resulting products and processes. Bearing these factors in mind,
we have assembled Biotechnology and Pharmacy. It is anticipated to be of key
interest to pharmacy students and practicing pharmacists who have not had
extensive exposure to the field of biotechnology but who have received basic
training in biological sciences (e.g., biochemistry, genetics) at the undergraduate
professional level. The book should also be of value to other health professionals
such as physicians, dentists, and nurses, who are interested in an overview of
this important field of science. In addition, graduate students in the biological
sciences should benefit by its use.

Biotechnology and Pharmacy has been organized into three parts: “Basic
Elements of Biotechnology,” “Applications of Biotechnology in the Pharmaceuti-
cal Sciences,” and “Biotechnology and the Practice of Pharmacy.” The chapters
in these sections tend logically to fall into these groupings, but it is not necessary
to peruse the parts or chapters in a sequential manner. Each chapter was prepared
in a stand-alone manner, employing cross-references when appropriate to avoid
redundancy. The text in its entirety is intended to provide a reasonably comprehen-
sive overview of the history of many key elements of biotechnology, as well as
a comprehensive description of the current state of the field and an indication of
future trends. The text should also provide a solid foundation for more advanced
studies in a number of related areas.

xi
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Basic Elements
of Biotechnology
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Background to Recombinant DNA Technology
Leonard G. Davis

1.1. Introduction

This chapter serves as a basic primer for those not familiar with the principles
and techniques used in molecular biology and is not designed for those already
aware of its value. It will emphasize terminology and provide general descriptions
of the procedures, with a primary focus on why molecular biology is having such
an impact (some call it a revolution) on biological studies. The chapter will
also include a few scientific examples, since it is worth emphasizing that these
techniques are best utilized as a complement of current approaches designed to
answer research questions. Until a few years ago these techniques were employed
mostly in academic investigations of the basic mechanisms of cell function. In a
few cases they were applied by small biotechnology companies that sought to
utilize the procedures for the production of bioactive proteins for use as potential
drugs, rather than the typical heterocyclic organic chemicals. More recently this
technology has been recognized as a powerful tool for facilitating more classical
pharmaceutical and drug development efforts. The reader is, however, referred
to the other chapters for more detailed examples, especially of pharmaceutical
applications. For descriptions beyond the concise presentation necessitated
herein, the reader is referred to some excellent books on the subject (for textbook
descriptions, see references 1 to 3; for methodology, see references 4 to 7).

A convenient starting point is to recall the Central Dogma of Biology,® which
dictates that information for the development, organization, and function of living
systems is stored in discrete units (genes) within the linear deoxyribonucleic acid
(DNA) molecules (chromosomes) of each cell.” At appropriate times, portions of
the DNA information are transferred by transcription from the gene into linear
ribonucleic acid (RNA) molecules for translation into functionally active proteins
(see Figure 1.1). The basic building blocks used for DNA are four nucleotides
(2-deoxyriboses linked through the 1 position to one of the nucleic acid bases,
guanine [G], thymine [T], cytosine [C], or adenine [A]), which are linked to each
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Figure 1.1. Schematic depicting the flow of information within a cell. The example used
is a neuron that is generating a peptide neurotransmitter.
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other in the linear DNA molecule through a phosphate ester bond at the 5’ position
of the deoxyribose of one nucleotide to the 3’ position of the deoxyribose moiety
on the adjacent nucleotide. DNA exists as a double helix with one linear strand
proceeding in the 5’ to 3’ direction and the other aligned parallel to it but in the
opposite orientation (i.e., 3’ to 5"). The two strands are held together by hydrogen
bonding, in which Cs pair with Gs and Ts pair with As. The resulting DNA forms
two complementary strands such that the sequential order of the nucleotides of
one of the strands (a gene) can be exactly copied into a messenger RNA (mRNA)
molecule (copying of both strands occurs in cell duplication).

RNA also uses four nucleotides (uridine is used in place of thymidine) that are
attached to ribose (no deoxy positions) and the same 5’ to 3’ covalent phosphoester
linkage between adjacent riboses is used as the backbone of the polymer. These
RNA units are linear and single stranded, since their synthesis depends upon the
opening of the double-stranded DNA where RNA polymerase copies one strand
through the use of the base pairing principles. This ensures that an exact comple-
mentary copy of the DNA exists as RNA. In most lower organisms (prokaryotes)
the exact copy of the DNA information is represented in the RNA and directly
codes for proteins; in higher organisms (eukaryotes) this linear RNA copy of the
DNA contains regions that code for amino acids (called exons, since they are
excised for use; see Figure 1.2) and intervening sequences of DNA that apparently
do not code for the protein (called introns).

The RNA (after processing to remove introns in eukaryotes) then serves as the
template (as mRNA) for translation into a protein molecule. The mechanism of
converting linear nucleotide sequence information into a linear array of amino
acids (proteins) depends upon the recognition of a nucleotide triplet (usually AUG
for methionine) near the 5’ end of the mRNA, which encodes the first amino acid
(N-terminal). Each amino acid is carried by small transfer RNA molecules, each
possessing a specific recognition site triplet (again complementary base pairing
is used). The transfer RNA triplet complementary for the next three nucleotides
in the mRNA binds and transfers its amino acid to the growing polypeptide chain.
Consecutive triplets of nucleotides determine the orderly sequence of the amino
acids until a stop codon (e.g., UAG) is found in the reading frame. The complete
translation of mRNA occurs in the ribosomes (a RNA and protein complex) and
results in a cellular protein. These proteins can then be posttranslationally modi-
fied (i.e., through phosphorylation, glycosylation, etc., of specific amino acids)
and folded into three-dimensional topological units. The proteins serve many
functions within the cell, ranging from the enzymatic machinery of energy metab-
olism and structural components of the membrane to the very specialized functions
of different cell types (e.g., neurotransmitters for neurons, hormones for endo-
crine cells, and myosin for muscle cells). What is important here is that the
Central Dogma and the triplet coding system are consistent from bacteria to
humans; thus, the tools developed over many years of research by microbiologists
can also be utilized.
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Figure 1.2. (A) Representation of eukaryotic gene organization using five different
neuropeptide genes to demonstrate various spatial relationships between exons (boxes)
and introns (lines); h, human; r, rat; b, bovine; ACTH, adrenocorticotrophin hormone;
M, methionine enkephalin; L, leucine enkephalin; AVP, arginine vasopressin; NP-I,
neurophysin; SP, substance P; SK, substance K; calcit, calcitonin; CGRP, calcitonin gene-
related peptide. (B) Example of alternate processing of transcribed RNA (hnRNA) in
eukaryotes; hn, heteronuclear (containing both exons and introns); the boxed numbers
indicate exons within the intervening DNA sequences (introns) that are spliced out to form
the different mRNAs for tissue-specific translation.

1.2. Bacteriological Impact

An apparently simple but major impact from the techniques of molecular biology
is the ability to insert (using recombinant techniques) a single gene of interest,
even from a different species, into bacteria.'’ These transformed bacteria can
then serve as small “biofactories,” since bacteria double in number at a fast rate
(every 30 minutes or so) and have active machinery for biosynthesis. Thus, one
can use them as vehicles to amplify an individual product thousands of times,
especially one that occurs endogenously in a minute quantity of the original
starting material, in a very short time (a few days). This product can be the
original gene, complementary DNA (cDNA representing the mRNA), or its
protein product (if a cDNA was used); fortunately, any of these can be rather
easily isolated from the bacteria. The second bacteriological procedure that is
commonly used is the ability to isolate an individual bacterium (containing the
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recombinant product of interest, called a clone) from a population of bacteria by
a physical separation (spreading out on bacterial agar plates). This is a very
powerful procedure when compared with classical protein isolation procedures
for isolating and identifying the product of interest from a mixture. To evaluate
how important these bacterial procedures are, one needs to understand how
mammalian genes are converted into products to allow their manipulation in the
bacterial systems.

1.3. Recombinant DNA Impact

The conversion of the normal cellular DNA or its RNA constituents into compo-
nents that can be utilized in the bacteria is called cloning (see Figure 1.3). Two
basic types exist: genomic clones (from cellular DNA) and cDNA clones (from
mRNA).

With genomic clones bacterial viruses (bacteriophage'') are utilized as the
“carrier vehicle” (vector), and these have been modified so that they can accept
large pieces [up to 20 kilobase pairs (kb) in length] of exogenous DNA without
altering their ability to infect and replicate within bacteria. Each chromosome
contains millions of nucleotide base pairs (thousands of genes), which, prior to the
discovery of restriction enzymes,'” were largely unmanageable in a reproducible
fashion; however, due to its large size and stability DNA was easy to isolate to
study its overall structure."’ Restriction enzymes, which are bacterial enzymes
that have evolved with the ability to recognize unique stretches in double-stranded
DNA (a very specific sequence of nucleotides), have had a revolutionary impact,
since they are able to reliably hydrolyze (cut) the phosphoester bonds between
nucleotides (see Figure 1.4).

The use of a specific restriction enzyme results in reproducible pieces of DNA,
typically of manageable size, that still maintain the linear order of the nucleotide
sequence, yet each now has at its ends {termini) the residual nucleotides after
cleavage by the specific restriction enzyme. If the digested DNA is separated for
analysis on an agarose gel (called a Southern blot'*), DNA pieces of various sizes
can be observed with a general stain (e.g., ethidium bromide). All these cut
pieces (of various lengths) together encompass all the components of the chromo-
somes where this restriction enzyme recognized its stretch of DNA base pairs.
About 100 such restriction enzymes are known to date. Thus, for example, if the
restriction enzyme EcoRI (named as restriction enzyme 1 isolated from Esche-
richia coli"®) is used to cut DNA, it will cut at every location within the chromo-

GAATTC
somal DNA sequence wherea | | | | | | exists. This results in DNA fragments
CTTAAC
G AATTC
varying in size but each having the residual of the cleaved | |
CTTAA G



General CLONING Principles

From genomic DNA: From mRNA:
1. Isolate DNA by extraction; 1. Isolate total RNA;

remove all protein, cell debris use column for mRNA
2. Cut with restriction enzyme 2. Make cDNA; use 'T" primer

(mRNA)
5 AGACCAGGAATTCGAGCTGACCAGT ...... 5 AAAAAAA
3o TCTGGTCCTTAAGCTCGACTGGTCA...... TTTTIT
(EcoR1) (primer)

Rev. Trans. (+A,G,C,T)

AAAAAAA
(cDNA) TTTTTT

Degrade RNA
Copy with DNA polymerase

G AATTC
CTTAA G
Add Tinkers (¥)

e AAAAAA
* TTTTTTT

Bacterial plasmid (or phage) opened
with same restriction enzyme

anneal to hybridize ends
ligate using DNA ligase

v MTONATsert < Plasmid or Phage

1. Infect E. coli
2. Plate library

Select clone of interest

1. With synthetic oligonucleotides that code for known peptide sequence
2. With cDNA clone from related gene-family or expected species homolog
3. With antibody if specific for target & available (use expression vector)

Figure 1.3. Generalized procedure used to clone either genomic DNA or cDNA (from
mRNA).



A.
Example of Restriction Enzyme Cleavage:

(5)..... AGTTGACAGGAATTCAGGCGACTGTAGGAC .....(3)

(3)..... TCAACTGTCCTTAAGTCCGCTGACATCCTG .....(5)
DNA + EcoR1 (R.E.)

YIELDS 2 DNA FRAGMENTS:
(5)..... AGTTGACAGG AATTCAGGCGACTGTAGGAC .....(3)
(3)..... TCAACTGTCCTTAA GTCCGCTGACATCCTG .....(5)

Representative Restriction Enzymes and Cleavage Sites:

BamHi:-  GGATCC Clat: ATCGAT
CCTAGG TAGCJA
Hind3: AAGCTT Kpn1: GGTACC
TTCGAA CCATGG
Pst1: CTGCAG Xho1: (TCGAG
GACGTC GAGCTC

Figure 1.4. (A) Schematic of how restriction enzymes cleave DNA to yield fragments
with sequence-specific termini. (B) Representative examples of common restriction en-
zymes; arrows indicate location in sequence where that restriction enzyme cleaves the
double-stranded DNA.
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sequence at both its ends (specifically, AATTC exists on the 5’ termini and G on
the 3' ends, since restriction enzymes only cleave double-stranded DNA).

The resulting termini contain the appropriate complementary base pairs (since
the sites are palindromes), and, naturally, if they were repositioned adjacent to
each other, they would rehybridize (due to the hydrogen bonds) and could be
ligated back together (using the enzyme DNA ligase) with the original covalent
bonds reconstructed. Most powerful is the ligation of dissimilar DNA pieces
(from different sources) by using the similar termini from restriction enzyme
cutting (called recombinant molecular genetics'®). For example, if a phage is also
cut with EcoRI, a mammalian DNA piece can be inserted into the phage at that
restriction cut location. This results in a recombinant molecule. Interestingly, the
bacteriophage (lambda) has been engineered to accept pieces of foreign DNA
(between about 7 and 20 kb in length) without affecting its function."” If this is
done quantitatively (with a statistical representation of the DNA pieces from an
entire genome) with an appropriate amount of viral DNA®, one can insert at least
a single representative of each DNA piece into a different phage particle. The
sum total of all these insert-containing phages is called a genomic library. In a
complete library every piece of chromosomal DNA (all genes) is represented,
and within this population it ought to be possible to locate a sought-after gene.
The potential exclusion of many small pieces (less than 7 kb) is avoided by
performing a partial restriction digest of the original DNA; this is accomplished
by monitoring and stopping the DNA cutting reaction (not allowing it to go to
completion) when the average size of DNA pieces is between 7 and 20 kb. These
insert-containing phage particles are used to infect bacteria [note that phage
particles without inserts are defective, since they lack a DNA piece (insert),
which does not allow the modified phage to replicate properly]. Before describing
additional bacterial procedures, which are similar for genomic and cDNA librar-
ies, it is worthwhile to describe cDNA cloning procedures.

Rather than obtain DNA copies of the entire genome, which is present in all
cells, it is sometimes of interest (and easier) to determine which RNA molecules
are being expressed in a given tissue (or cell) during certain conditions that
interest the investigator, for example, developmental stages. A cDNA (copied or
complementary DNA) is generated from the existing RNA molecules present in
the tissue. The RNA is easily isolated by centrifugation through a cesium chloride
cushion (which forms a gradient during the centrifugation);'® an important step
is homogenization in a buffer that will inhibit the commonly found and very
active enzymes that destroy RNA, RNases. The pellet of RNA is separated from
the genomic DNA, which only partially penetrates the gradient, and other cell
constituents, such as proteins, which are too buoyant to enter the cesium chloride
solution. The pellet, called total RNA, consists of the three RNA forms: ribosomal
and transfer, which are part of the machinery used to translate the mRNA into
proteins, and messenger (MRNA). The mRNA species are the transcripts that
encode for proteins and can be purified from the other two forms. Purification is
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accomplished by taking advantage of the observation that most mRNA molecules
have a long chain of adenosines [poly(A) tail] on the 3’ end."” These can be used
to hybridize (base pair) with a synthetic string of thymidines [oligo(dT)s] attached
to an insoluble resin by using a standard column separation procedure.” The
other RNA species (ribosomal and transfer) will run through the column while
the mRNA molecules with the poly(A) tail will be retained and can be eluted by
disrupting the A-T hydrogen bonds with a change in the ion (salt) concentration.
The isolated mRNAs can then be copied (this means that a newly synthesized
strand will be created as a complementary DNA strand from base pairing to this
original RNA molecule®') with reverse transcriptase, a viral enzyme normally
used by RNA viruses to accurately convert the viral strands into DNA.

To accomplish this copying, a poly(T) oligonucleotide is hybridized to the
poly(A) tail of the mRNA as a starting point (primer) and then the reverse
transcriptase adds, in the correct order, nucleotides complementary to each
mRNA nucleotide. Once this strand has been generated, the original RNA tem-
plate is destroyed so that the cDNA can be copied to generate a double-stranded
c¢DNA molecule. This time a modified DNA polymerase is used; this enzyme is
naturally used to copy DNA molecules, especially in repair and duplication of
cells. The resulting double-stranded piece of DNA exactly reflects the original
RNA in one strand (the other strand is the complement), which can now be
manipulated as described previously for genomic DNA pieces. One important
difference is that ends of the cDNA fragment need to have sequences added
(linkers) that can be recognized by restriction enzymes for proper ligation into
the phage vector. The addition of the unique linkers avoids further reducing the
integrity and size of the cDNA. The typical cDNA is 2 to 3 kb long owing to
limitations in the ability of the enzymes to copy for long stretches and because
many mRNA species are in this range. The vectors described previously (lambda
phages) are not appropriate for these small pieces; however, other modified
phages (called Agt10 and Agtl1*) can accommodate these small pieces and are
commonly in use today.

Historically, however, plasmids were used for the cloning of c¢DNAs.? Plas-
mids are small pieces of DNA that exist autonomously in bacteria, independent
of their chromosomes, and can replicate and, for our purposes, possess DNA
sites recognized by some restriction enzymes. A common plasmid in recombinant
use is called pBR322,* which has the ability to accept small DNA pieces (e.g.,
cDNA). An interesting feature of the plasmids is their ability to confer drug
resistance to those cells that possess the plasmid;'' this allows selection (killing)
against those bacteria that do not contain a plasmid and an insert.

The insertion of all cDNAs generated from a given tissue by ligation to a
restriction-enzyme—cut plasmid results in a cDNA library. In theory it represents
all mRNAs made in that tissue at the time of the experiment. These insert-bearing
plasmids do not have the ability, as phages do, to infect bacteria (they are typically
passed in the wild from one bacteria to another during bacterial conjugation).
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Instead, the plasmids can be added mechanically to the bacteria to allow uptake
(transformation) in a procedure that uses a temperature shock of calcium-treated
bacteria (called competent cells).”> At this time whether one has a genomic or
cDNA library the next procedure that one needs to perform is the selection of the
DNA sequence of interest from the hundreds of thousands of library members.

The key to selection is having a tool that can identify the clone of interest.
Bacteriological techniques allow one to physically separate individual bacterial
cells from one another by pouring a dilute suspension of cells onto an agar plate
(plating). Exponential growth of one cell overnight into hundreds of identical
cells results in a colony; if the bacterium contained a plasmid, the colony now
consists of identical cells, all of which contain that plasmid. If a bacterium
contains a bacteriophage, the originally infected cell releases phage particles to
adjacent bacterial cells, and the adjacent cells are continuously lysed after infec-
tion by the phage so that a “clear” circular area containing phage particles (called
a plaque) exists among the remaining uninfected cells of the “lawn.” If one
considers that a single cDNA or gene of interest exists as one of 100,000 clones,
it should be represented in the plating of 50 plates with 2,000 colonies (or plaques)
each (an easy one-day task). The only limitations to obtaining the pure clone of
interest is the statistical chance that it is within the population plated and the
possession of a tool to identify the one wanted. Recall that in addition to a
numerical increase in bacteria during culture growth, a given bacteria will also
make multiple copies of the plasmid or phage, allowing an amplification (making
for easier detection) of the sought-after product.

A variety of procedures are in use for “finding unknowns.” The two most
common selection procedures are (1) using an oligonucleotide (made synthetically
so that it represents the codons for an amino acid sequence determined from, for
example, an isolated peptide fragment) as a probe to hybridize to a specific stretch
of DNA, or hybridizing with a clone for a related molecule or even a clone from
another species if some DNA homology is expected to exist; and (2) for cDNA
libraries detection of the protein product can be performed, but this approach
requires that an antibody be available for the protein of interest and that an
expression cloning vector be used (e.g., pUC,” a modified plasmid, or the Agtl1
vector’'). The radioactive pieces (probes) are made through procedures (e.g.,
“nick” translation, end labeling, etc.*”) in which the nucleotide fragment is
incubated with radioactive nucleotides and enzymes that will incorporate the
radiolabel; the antibody probe finds a protein epitope and is typically located with
a second “detector” antibody that is directed at the constant region of the primary
antibody and carries an enzyme to serve as the reporter.

In either case the library is plated onto an agar substratum plate for growth,
after which it is transferred to a solid support such as nitrocellulose or nylon
membranes (filters). This transfer results in a replica of the plate existing on the
filter, which can be probed for the molecule of interest (note that, fortunately,
only a portion of the colonies or plaques is effectively removed). These filters
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are permanently marked in unique positions so that any positively identified
signals can be relocated on the original agar plate by realignment of them. The
support membrane is incubated under conditions that will minimize nonspecific
binding. The conditions used depend upon whether a radioactively labeled DNA
piece (hybridization) or antibody is used and on the expected specificity or signal
intensity from the probe. The incubation allows an equilibration of the probe with
the target clone. These filters are then washed to remove the background, and
the signal is identified autoradiographically for radioactive probes or enzymati-
cally for antibody probes. Once a positive signal is identified, the filter is realigned
with the plate to allow isolation (picking) of the original clone or plaque. Picking
this putative positive bacterial clone or plaque allows regrowth, plating, and so
forth. Note, the signal intensity reflects the bacterial efficiency while the number
of positives reflects the frequency of the cDNA in the starting material. The
foregoing identification procedure is repeated for the putative positive to confirm
its purity. Thus, in a matter of a few weeks a pure clone of a DNA (or protein)
of interest can be obtained. The preceding case utilized known information
(related DNA clone or antibody) and is expected to proceed smoothly. When
little information is known or few tools are available various heroic and clever
efforts have been made to obtain a clone of interest without ever purifying or
characterizing the protein of interest.”’ The diversity of these various methods is
not within the scope of this chapter. Regardless, these procedures are significantly
faster than most protein purification schemes and, more important, will routinely
result in obtaining significant information on the DNA sequence, which can be
converted to protein sequence information directly. Sequencing these clones is
the next major advantage from recombinant molecular biology.

1.4. Structural Information Impact

The ability to determine the sequence of the isolated genomic or cDNA clones
has revolutionized the rate and ease with which someone can obtain very specific
primary structural information. The nucleotide sequence obtained can be easily
converted into an amino acid sequence. Predictions on the three-dimensional
structure can then be made based on the order of hydrophobic, hydrophilic
(positive and negative charges), and unique amino acids when compared with
patterns learned from previously studied proteins. A typical amino acid analyzer
might be able to determine up to 40 amino acids a day, but then other purified
peptide fragments are required to continue the sequence; various methods have
been successfully devised to accomplish this. However, since the genetic code
of triplet nucleotides that is used to encode specific amino acids is conserved, the
ability to sequence a clone allows direct prediction of the amino acid sequence
by scanning for an open reading frame (an initiation and termination codon within
a continuous frame of triplets). Peptide sequences can also be identified if they
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are known to occur in the peptide of interest. Furthermore, DNA sequencing
allows for a continuous determination until the sequence of the entire insert within
the clone is completed; significantly more information per day can be obtained,
since a typical laboratory can easily read about 240 nucleotides (i.e., about 80
amino acids) in a single sequencing run. Various strategies have been devised so
that thousands of nucleotides can be determined in a week or so. Certainly, some
pitfalls do exist in this approach (e.g., posttranslationally modified amino acids
are not identified, and care is required to avoid misreads); however, the procedure
is very effective in obtaining the complete sequence of a protein, even if the initial
sequence was obtained following purification and partial amino acid sequencing.

The procedure commonly used is one devised by Sanger,”® which takes advan-
tage of the linkage structure of DNA and enzymes that efficiently and accurately
copy DNA (see Figure 1.5) as was described previously. Recall that each nucleo-
tide is covalently attached to the next through a phosphate ester linkage of the 5’
hydroxyl of one sugar moiety to the 3’ hydroxyl of the next (DNA uses 2'-
deoxyriboses). When a strand is copied, the enzyme (e.g., Klenow fragment of
DNA polymerase) uses the 5'-triphosphate of one nucleotide and adds it to the
free 3’ hydroxyl on the existing chain of nucleotides. The principle is simple in
that if the last nucleotide of the chain does not have a 3’ hydroxyl (3’ deoxy; the
ribose is now called dideoxy), another nucleotide cannot be added and the chain
elongation procedure terminates. Since the DNA of interest is contained in a
vector (typically a special single-stranded vector called M13,% but more recently
performed by denaturing double-stranded plasmids into single-stranded pieces™),
the vector and insert serve as the template for copying; an oligonucleotide comple-
mentary to a known sequence in the vector adjacent to the location of the insert
serves as a primer (since it will hybridize through hydrogen bonding of base
pairs) to start the chain for elongation. The chain will now elongate (copy) if the
four nucleotide triphosphate substrates and a copying enzyme are present. If the
reaction mixture contains a few nucleotides that are the dideoxy species of a
specific nucleotide, some of the chain elongations will terminate each time that
particular dideoxynucleotide is incorporated. The remaining molecules (which
have the normal 2’ deoxy, 3’ hydroxyl) will continue to serve as a substrate to
further the elongation reaction by the continued additions of subsequent nucleo-
tides, until a dideoxynucleotide is incorporated in each. As expected, this results
in a percentage of the total population of molecules terminated at each position.
Adjusting the ratio of dideoxy- and deoxyriboses for one nucleotide at a time
results in a percentage of chain terminations at each position where that nucleotide
occurs; repeating the reaction (actually performed simultaneously) for the other
three nucleotides in separate reaction vials results in a chain termination at each
possible base position in the clone.

Finally, if a radioactive (P or **S) tracer nucleotide has been included in each
reaction the termination site can be detected by autoradiography after separation
on a polyacrylamide sequencing gel. The questions are, just where (at what
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A. i
PrIMEY GAAGCTdd GATC
DNA templates ___ GAAGCTACTdd
(vector + insert)
— GAAGCTACTGGTdd
— GAAGCTACTGGTGA.....

For example,

Figure 1.5. DNA sequencing is accomplished with the use of chain terminators (dideoxy-
nucleotides). (A) How a typical reaction might proceed. (B) Drawing of an idealized
autoradiogram after separation on a gel. (C) An actual gel.

position) and in which tube (determines nucleotide) did the “termination” occur,
since that will determine which nucleotide exists at which position. This sequenc-
ing gel system can resolve single nucleotide differences in the length of the
molecules. If the preceding four reactions (one for each dideoxynucleotide) are
run adjacent to each other on the gel, the DNA sequence is read by starting at
the bottom of the gel [shortest strands (earliest terminated positions) and thus
closest to the starting primer] and then “walking up” the ladder of the autoradio-
graphic banding pattern of the four reactions. If the length of the fragment of
interest exceeds the reaction or gel’s ability to separate and identify each termina-
tion, continued reading can be accomplished by creating a new oligonucleotide
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primer, based on the just read sequence, and performing another set of reactions.
This can be continued until all the insert is sequenced; other approaches have
been devised to speed the determination of the complete sequence.

1.5. Informational Impact

During the last few years the introduction of molecular genetic techniques to
biological questions has opened new vistas and provided the tools to obtain
additional information on how cells and systems operate. For example, in the
study of cellular changes induced by ligand-receptor interactions, it has long
been known that second messengers (e.g., cyclic AMP, ion permeability, and
phosphtidylinositols) mediate the internalization of information and assist the cell
in determining its response to the external change in status quo. The application
of these molecular techniques has demonstrated that not only do these transient
changes occur but changes in gene expression with a longer-term implication also
occur. This section will attempt to concisely highlight how the use of the pre-
viously described molecular genetic technology has had an impact in one scientific
discipline, neuroscience.

The initial impact of molecular genetic techniques in neurobiology was the
ability to use recombinant cloning and cDNA sequencing to determine the primary
structure of the neuropeptide transmitters and their precursor proteins. The initial
studies focused on somatostatin,’' proopiomelanocortin (PGMC), arginine vaso-
pressin (AVP),” oxytocin,™ and methionine enkephalin (ENK). > More recently,
many more neuropeptide precursor structures have been determined through
cloning and DNA sequencing with this technology, as well as most neurotransmit-
ter synthesizing and degrading enzymes,”** many receptor proteins,”* a few
ion channel proteins,* * and some structural proteins. This work has allowed
the prediction of the primary structure for these precursor molecules. Further-
more, the results from these studies have clarified some issues in peptide neurobi-
ology. For example, the localization of vasopressin in hypothalamic—pituitary
cells was always with another peptide, neurophysin II, which occurred within the
same cellular vesicles, whereas the hormone oxytocin was always localized
with neurophysin I. The reason for this cellular separation became apparent
immediately after determining the sequence of the precursor for these two hor-
mones.*® Each neurophysin is specifically encoded within the gene along with
the respective hormone with which it is colocalized. When the hormone precursor
is proteolytically processed into the hormone peptide within the vesicle during
transport, the appropriate neurophysin is generated. Similarly, several different
opioid peptides (those that bind to the endogenous morphine receptor) had been
identified and each was known to have a common stretch of amino acid sequence,
but the biosynthetic relationship between methionine enkephalin, leucine enkeph-
alin, B-endorphin, and dynorphin was far from clear. Sequence information
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directly showed that each peptide was derived primarily from one of three distinct
prohormones (both enkephalins are contained in the same precursor) and that
each prohormone was encoded by a separate gene;*’”* thus, their expression and
interaction with the receptor were individualized.

Sequence information has also led to the discovery of new neurotransmitters.
For example, upon sequencing the calcitonin gene, R. Evans’ group determined
from the complete cDNA sequence that in some tissues a modified mRNA exists
that upon translation might result in an additional peptide fragment.> This altered
mRNA does not occur in the parathyroid and was a result of a different utilization
of exons (the coding regions of the genes) in other tissues, especially brain. This
alternate utilization is achieved by a complex process that occurs in the cell
nucleus called alternate splicing of heteronuclear RNA (direct copy of the gene)
to generate the final mRNA. Recent studies indicate that the peptide, called
calcitonin gene-related peptide (CGRP), is primarily located in nerve terminals
and has specific binding sites in the brain, suggesting that CGRP may have a
role as a neurotransmitter in the neuronal control of cardiovascular function.”
Molecular genetic studies of brain function have demonstrated that this selective
utilization of genetic information through tissue-specific processing of the RNA
to yield different combinations of exons from a single gene is commonly used to
make mRNA species encoding different peptide combinations in various cells.
Another example of this is the generation of the substance-P and -K peptides, in
which the coding sequence for each occurs on different exons but within the same
gene; each exon is differentially used depending on the tissue and cell type.”

Another area where the determination of the primary structure of a prohormone
clarified a question on whether peptide fragments in nearby adjacent cells were
the result of different genes, alternative splicing, uptake from a nearby cell, or
differential posttranslational proteolytic processing of a single gene product is
exemplified by understanding the POMC gene.> > In this case a single gene is
transcribed to the same mRNA species in all cells and it is translated into the
identical prohormone in each of these cells. However, different cells process
different peptide products of the prohormone, so that each cell type maintains
and uses the appropriate, but different, peptides. For example, intermediate lobe
cells of the rodent pituitary primarily make S-endorphin and a-MSH, whereas
anterior lobe cells make adrenocorticotropin (ACTH), even though all these
proteins are derived from the same gene, same message, and same prohormone.
The key is the posttranslational processing of the prohormone into peptides that
are cell specific by the selective destruction of some peptide fragments, which
results in different gene products in adjacent cells.

In addition to providing the structural information on peptide neurotransmitters,
the cloning of these genes has provided powerful tools to be used as probes to
detect and measure the amount of specific mRNA species in a tissue through a
procedure called Northern blot hybridization.” Northern blots are similar to
Southern blots'* except that RNA is separated and transferred rather than restric-
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Figure 1.6. (Left) A Southern blot autoradiogram; DNA from different species were cut
with a restriction enzyme and separated on a gel before transfer to a nitrocellulose filter.
The filter was hybridized with a radioactive probe and the darkened areas (bands) were
determined by exposure to X-ray film and indicate where the DNA pieces that bind the
radiolabeled probe are located. (Right) A Northern blot; similar electrophoretic separation,
transfer, and hybridization procedures were performed as described for DNA except that
RNA was used. Note that the gene detected here has homologous forms in these different
species.

tion-enzyme—cut DNA (see Figure 1.6). The use of radiolabeled probes (e.g.,
“nick translation” of DNA inserts that are isolated from amplified clones by
restriction enzyme cleavage of vectors and gel separation) in hybridization experi-
ments has allowed the detection of changes in levels of specific mRNA species
after numerous and various experimental manipulations. These hybridization
experiments are most often conducted by Northern gel analysis. In this method
RNA is isolated from a homogenized tissue sample, denatured and separated on
an agarose gel, transferred to a nitrocellulose or nylon based support membrane
sheet, and hybridized with a radiolabeled probe that is complementary to the
mRNA under investigation.

One of the earliest studies demonstrating the regulation and expression of a
neuropeptide gene utilized a radioactively labeled cDNA probe to measure spe-
cific changes in the mRNA levels.” Long-term treatment with glucocorticoids
was known to cause a decrease in the POMC level in the anterior lobe of the rat
pituitary without affecting POMC in the intermediate lobe. It was unclear whether
this was a result of increased secretion, decreased translation, or a suppression
of the transcription of the POMC gene. Steroid treatment induced a decrease in
the mRNA level that slightly preceded but paralleled (as expected if it was a
decreased mRNA synthesis) the decrease demonstrated for the peptide. Thus,
molecular biology techniques add to the types of information that can be obtained
in an experiment.

In similar experiments performed in vivo,” adrenalectomy (removal of gluco-
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corticoids) is known to produce a prolonged increase in POMC, suggesting that
the expression of the POMC mRNA is bidirectionally influenced by the levels of
circulating glucocorticoids. Presumably, the glucocorticoid-activated receptor,
which is internalized once the steroid hormone binds to it, is transported to the
nucleus, where it causes a set of cell specific changes in gene expression as a
consequence of the receptor complex binding to unique regulatory DNA se-
quences associated with certain genes, and is typically located “upstream” (5')
from the coding region. The translocation of information to the chromosomes is
usually mediated by protein factors that bind to very specific stretches of DNA
positioned near different genes; this results in the differential activation in the
transcription of specific genes as needed. These DNA sequences are referred to
as regulatory regions (promoters, enhancers, silencers, etc.), and regulatory
factors bind to them to turn genes on or off under specified conditions;™ a detailed
description is beyond the scope of this chapter (see Figure 1.7).

The dynamic up- and down-regulation of the expression levels of several other
hypophyseal hormone genes by peptide releasing factors and steroids has been
addressed by several laboratories using radioactive cDNA probes.” The explanted
adrenal gland has been used in elegant experiments to demonstrate that apparently
short-term membrane-mediated activation or inhibition can also influence mRNA
levels.®" > For example, quantitative increases in ENK mRNA levels were in-
duced by an elevation of cAMP. These changes were blocked by an opposing
depolarization induced by potassium or veratridine. Moreover, the effects of
veratridine could be blocked by tetrodotoxin to demonstrate an ion-channel-
specific effect, suggesting that the expression and regulation of some cellular
genes is under fine control and can be influenced by changes in neuronal activity.
As impressive as the aforementioned in vitro studies are in describing the bio-
chemical and molecular events that result from membrane or receptor activation
leading to changes in the regulation of the recipient cell’s genes, they lack the
anatomical orientation so important for the study of brain function. A critical
question in neuroscience is how neuronal activity and in vivo development
regulates the production of cell specific products (e.g., neurotransmitters) in the
highly defined connection pathways in the brain.

A method has been developed that allows identification of mRNA molecules
within individual cells after histological sectioning by using hybridization proce-
dures similar to those used in Northern blots coupled with microscopic analysis
at the cellular level (see Figures 1.8 and 1.9). Following the pioneering description
by Gee and Roberts of a method called in situ hybridization histochemistry,”
many labs, including our own, have utilized and refined this procedure for
detecting the presence of, and changes in, specific mRNA levels occurring in
different brain region cell types after experimental manipulation. Conceptually
in situ hybridization is analogous to immunocytochemistry or receptor autoradiog-
raphy except that mRNA molecules are being identified by the “reporter” mole-
cule. The reporter molecules typically are radiolabeled DNA probes that are
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Figure 1.9. Examples of data obtained from in situ hybridization experiments. (Top) X-
ray film data of mRNA changes following an ipsilateral lesioning experiment (see text).
(Bottom) The type of signal obtained in discrete brain regions after emulsion coating and
autoradiography.
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complementary to the sequence of interest. Although longer cDNA (and cRNA)
probes have been used successfully, we have used synthetic oligodeoxyribo-
nucleotide (oligonucleotide) probes,*® since they offer a number of advantages
over cDNA probes which include the following: (1) they allow the use of pub-
lished sequences, which alleviates the need to clone the mRNA of interest as well
as the task of implementing all the requisite microbiological techniques; (2) they
can be designed to distinguish two homologous mRNAs from the same gene
family; and (3) they can be designed to be complementary to specific regions of
a given mRNA to study differential utilization of exons in various cell types.
Many laboratories have utilized in situ hybridization histochemistry to investigate
the anatomical localization and expression of many neuropeptide mRNAs (a few
examples include somatostatin,* cholecystokinin,” calmodulin,” vasopressin,®
oxytocin,” ENK,* Aplysia egg-laying hormone,” and POMC.®)

One example will be presented here on the tachykinin system to demonstrate
how molecular genetic techniques can still provide additional detailed information
on a system that has been investigated since the early 1970s.”' The substance-P
peptide (SP) is derived by proteolytic processing of the tachykinin prohormones,
which in bovine brain are encoded by two related mRNA species (« and 8).” It
has been reported that the two forms of the tachykinin prohormone found in bovine
tissues are derived from the same gene by alternative splicing.* In particular, the
o form results from a deletion of exon 6 (54 nucleotides) compared with the 3
form, which utilizes all seven exons. The missing exon in the « form, upon
translation, results in a prohormone that encodes SP but lacks substance-K (SK),
another tachykinin peptide more recently discovered.”” The B-tachykinin mRNA
encodes this SK-peptide as well as the SP-peptide. We were interested in de-
termining whether a similar molecular genetic scheme existed in the rat as
described previously for bovine.”

Based on the highly homologous nucleotide sequence (evolutionarily conserved
between species), cloning and sequencing the rodent tachykinin ¢cDNAs, and
some experiments to determine the absolute presence of a mRNA species by
stringent hybridization experiments (S1-nuclease and RNase protection assays),
rat striatum was shown to contain another form (y) of tachykinin mRNA that is
different from the two forms previously reported to occur in bovine.”’* The
difference is the apparent exclusion of a different exon (4) in rodent brain that
occurs between the SP and SK coding regions. It is the predominant form found
in rat striatum; the other two forms have also been reported to exist in reduced
amounts and in other tissues.” Based on our determination of the rat tachykinin
mRNA sequence, we used a synthetic oligonucleotide probe that is complemen-
tary to this tachykinin mRNA. The probe specifically identified a mRNA of the
correct size on Northern blots of striatum.” Using in situ hybridization, a labeled
mRNA was detected by autoradiographic localization in the striatum, the central
nucleus of the amygdala, the habenula, and the hypothalamus, all brain structures
that have been shown to contain SP-peptide by immunocytochemical methods.
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This anatomical information confirms the identity of this sequence as encoding
a tachykinin precursor and allows a regional analysis of the changes that occur
as a result of pharmacological manipulation.

The antipsychotic efficacy of haloperidol, as well as the development of side
effects during chronic treatment, are most likely due to its primary action as a
dopamine (DA) receptor antagonist in the central nervous system.” DA-con-
taining perikarya in the substantia nigra project to the striatum and impinge upon,
among others, SP- and ENK-containing neurons.”’ SP-containing neurons in the
striatum project, in turn, back to the substantia nigra. This reciprocal anatomical
arrangement suggests an involvement of both SP and dopamine in regulating
basal ganglia function. ENK-containing neurons in the striatum project primarily
to the globus pallidus. We sought to extend previous studies™ that determined
specific changes in neuropeptide levels after pharmacological manipulation of the
DA receptor. Of particular interest was striatal tachykinin and ENK mRNAs
levels after blockade of the DA receptor with haloperidol. Chronic administration
of haloperidol to rats causes a 40% reduction in the concentration of SP-peptide
in the substantia nigra and a 200% increase in ENK in the globus pallidus. These
changes develop gradually during the first week of haloperidol administration.”
The hypothesis tested here is whether the DA-receptor—mediated, haloperidol-
induced reduction of SP-peptide levels and the elevation of ENK-peptide levels
are the result of a bidirectional change in the mRNA levels from the same
pharmacological input. We found an mRNA reduction of tachykinin mRNA and
an elevation of ENK mRNA in the striatum, which indicates that these two
neuropeptide genes are under a reciprocal control that is responsive to blockade
by DA receptor antagonists. Interestingly, the changes found in the mRNA
levels are reversible upon removal of the drug. Moreover, we utilized in situ
hybridization histochemistry to evaluate the anatomical distribution of the halo-
peridol-induced changes in these neuropeptide mRNA levels.

The decrease in tachykinin mRNA was uniformly distributed in the striatum
when the autoradiographic signal from the in situ hybridization results were
analyzed. Although the increase in ENK mRNA was uniformly increased in the
striatum, it was more pronounced in the dorsal portion. The effect of chronic
haloperidol treatment was regionally specific, since no effect on ENK or tachyki-
nin mRNA levels in other brain regions was observed.” Although haloperidol
induced the changes in both mRNA levels, it could potentially have been due to
an action of haloperidol that did not involve dopamine receptors; coadministration
of apomorphine, a DA receptor agonist, prevented the decrease in tachykinin
mRNA. Another experimental manipulation that chronically reduces DA neuro-
transmission in the striatum is the unilateral destruction of substantia nigra DA
cells with 6-hydroxydopamine. Such lesions result in a significant elevation of
striatal ENK mRNA on the ipsilateral side when compared with the contralateral
side, since no DA input is being received on the ipsilateral side (Figure 1.9A).
Moreover, these results focus attention on the sequelae of molecular events
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secondary to chronic interruption of DA-mediated neurotransmission to under-
stand mechanisms of how neurotransmission influences postsynaptic neuropep-
tide gene expression. These results could have a significant effect in understanding
the long-term usage of antipsychotic drugs in the treatment of schizophrenia and
are examples of using molecular biological tools to increase our ability to obtain
information on biological systems.

1.6. Unraveling the Molecular Biology of Disease

Molecular genetic procedures are having an impact on our understanding of
human diseases. Already the molecular genetic defect of a number of disorders
has been identified. These include oncogenes in cancer,* Huntington’s chorea,”
Duchenne muscular dystrophy,* cystic fibrosis,* atherosclerotic factors,* neuro-
fibromatosis,* and possibly even affective disorders.* This new information on
the precise defect in these problems will, it is hoped, lead to effective treatments
(or prevention) in the near future where no hope realistically existed before. One
example is Alzheimer’s disease, which may affect as much as 20 percent of the
population over 80 years of age, yet only a pathological description of the neuronal
abnormalities has existed since it was first described in 1907."

Alzheimer’s disease is a form of dementia marked by progressive intellectual
deterioration without focal, motor, or sensory signs.” Definitive diagnosis of the
disease is often difficult, since many other disorders and neurological deficits are
also accompanied by cognitive loss; however, three characteristic histopathologi-
cal structures are present in the brains of Alzheimer’s patients: neurofibrillary
tangles, neuritic plaques, and cerebrovascular plaques. Neuritic and cerebrovas-
cular plaques are found in highest concentration in the hippocampus and the
neocortex and result from a pathological deposition of a fragment of the recently
discovered amyloid precursor protein(s) (APP). The hallmark pathology of the
disease is currently identified with standard stains; however, recent studies have
shown that plaque formation is one of the earliest events in the progression of
the disease.® * Moreover, a significant correlation exists between the number of
neuritic plaques and neurofibrillary tangles and the clinical severity of
dementia;”'"" ** the most serious cognitive deficits are correlated with the greatest
number of plaques. These observations underscore the importance of recent
efforts to define plaque composition and the mechanism(s) of plaque generation.

Although the etiology of the disease is unknown, researchers have made major
advances in the last few years in understanding the disease by using a molecular
biological approach, particularly in understanding the composition of the charac-
teristic amyloid plaques. It is worth noting that in some cases the disease appears
inherited (familial), whereas in others no family linkage is known. Studies of the
familial Alzheimer’s disease with molecular genetic techniques has identified
an apparent genetic defect (on chromosome 21) through linkage analysis of
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chromosomes from these family members (those with and without the symp-
toms).” Linkage studies use specific DNA markers for various regions of each
of the chromosomes, and these are then hybridized to restriction-enzyme—digested
DNA from each patient. If a defect is “linked,” it can be identified by studying
the DNA fragment pattern after cutting with specific restriction enzymes. If a
certain pattern shows up with a unique probe and restriction enzyme (called a
restriction fragment length polymorphism, RFLP) in the afflicted group and not
in the “normal,” a linkage to the disease is found. Note that the chromosome
markers, even though the RFLP might be associated with the “linkage” through
transmission, might be millions of nucleotides away from the actual defect;
thus, it is necessary to “walk” the chromosome to find the specific mutation, a
potentially difficult task. Moreover, studies utilizing human pedigrees are difficult
owing to the limited generations available for sampling. For example, further
studies performed with DNA from additional Alzheimer’s disease families indi-
cate that the pathology might not be localized to a single, homogeneous genetic
defect.”

While these genetic studies were being performed, a parallel approach in some
laboratories was to try to analyze the pathological marker: amyloid plaques which
are the molecular components characteristic of the disease. After the initial
isolation and purification of amyloid plaques isolated from an Alzheimer’s-
diseased brain, a peptide fragment (called 8-amyloid) has been shown to be the
major constituent of the pathological plaques.”* Glenner and Wong isolated,
from the insoluble birefringent core of cerebrovascular plaques, a 4,200 Da
peptide that was sequenced and shown to be a peptide of about 36 amino acids,
a previously unknown sequence.” It was obvious that this insoluble peptide was
derived as a fragment of a larger protein. Analysis of additional peptides isolated
from neuritic plaques from Alzheimer’s and Down’s syndrome patients was
performed (older Down’s syndrome patients also develop progressive dementia
and plaque formation quite similar to that associated with Alzheimer’s disease™),
and these additionally isolated peptides were found to contain a similar amino
acid sequence.”

The amino acid sequence of the 8-amyloid peptide has enabled researchers to
use standard recombinant DNA procedures to identify a larger protein that con-
tains this peptide sequence by isolating cDNA clones that encode the mRNA for
a precursor protein (APP).” ' ' It became obvious in the analysis of the nRNA
encoding APP that it was not unique to Alzheimer’s disease (see Figure 1.10)
but was a protein that played a role in normal cellular function, since it had a
wide tissue distribution and was conserved across species.'®" ' Thus, in the
disease state it is believed that APP (or a peptide fragment) is inappropriately
processed and deposited as part of plaques in neuronal tissue. Recent studies have
supported this proposal in that the 8-peptide is apparently not derived by normal
processing.'™ The availability of cDNA clones and antibodies raised against the
predicted amino acid sequence have facilitated major advances in describing the
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Figure 1.10. X-Ray film autoradiography demonstrating the location of the APP precur-
sor mRNA in normal rat brain.

structure of the APP molecule and its possible function(s). For example, it has
been recently demonstrated that more than one form of mRNA is expressed for
APP, and these additional transcripts can be derived through alternate processing
of the precursor mRNA.'”'" Based on these cloned cDNA sequences for APP,
the amino acid sequences of each of the protein molecules can be predicted from
the coding region of the mRNA. While all three forms contain sequences identical
to the B-peptide, it is interesting that two of the forms use an additional, common
exon to encode an amino acid sequence of Kunitz-type protease inhibitors. It has
been shown that APP is glycosylated in a stepwise fashion,'” can be phosphory-
lated,'” and is highly susceptible to certain proteases.''’ Most exciting was the
report that the APP gene was located on chromosome 21, "' the same one reported
from the linkage analysis of familial Alzheimer’s disease. Further research indi-
cated that the locations within the chromosome were not the same for the APP
gene and the inherited form. Interestingly, a mutation has been found in the APP
gene for a few inherited forms of the disease.'"

Using molecular genetic techniques to obtain the ¢cDNA for the precursor
protein for the amyloid plaques found in Alzheimer’s disease has facilitated
studies aimed at understanding how this protein might function normally and
malfunction in the disease state. To study APP(s), antibodies have been developed
based on the predicted amino acid sequence that can detect APP on Western blots
of tissue extracts or in tissue sections with immunocytochemical procedures. For
example, Card et al., using an antibody that would detect all three forms of APP,
were able to map the overall distribution of APP in normal rat brain,'"? and Siman
et al. were able to detect the “induction” of APP in reactive astroctyes following
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neuronal damage.'"” The ability to localize and detect APP in neuronal function
has increased dramatically with the use of antibodies directed at specific but
different portions of the APP molecule and by in situ hybridization techniques in
order to understand its function in normal tissue, as well as the aberrant processing
that might lead to plaque deposition. Thus, the evidence is accumulating on the
complex nature of the APP molecules,''* ' and the opportunity exists now to
fully understand the biosynthetic and posttranslational events as well as the
proteolytic processing that leads to various bioactive fragments. Although the
function of APP is not known, it appears that APP or specific fragments of the
APP molecule may play various roles in cellular growth and neuronal develop-
ment such as occurs for a homologue identified in Drosophila.''® Characteriza-
tions in some cases have led to an identification of APP fragments that may
be related to (or even identical to) other previously known molecules such as
nexin-II'" or coagulation factor XIa inhibitor'"® or a heparin binding protein.'"’

Thus, the identification from cDNA cloning of the predicted amino acid se-
quence corresponding to the three forms of APP allows the creation of specific
¢DNA and antibody tools for studying the genomic location and its functional
regulation and disposition in the context of both normal cellular function and
under experimental conditions. Moreover, it is hoped that its role in the disease
process, whether it be a direct or indirect effect, will be forthcoming, since
the suspected abnormal breakdown of APP into the characteristic plaques may
accompany (or even cause) the disease process. The major interest is in determin-
ing a cause and effect relationship, if one exists, for Alzheimer’s disease, and
after 80 years, molecular biology may have opened the door, albeit only a little,
to understanding this disease.

1.7. Summary and Future Prospects

The impact of molecular genetic approaches on biological research has been
tremendous. In neurobiology, benefits from this technology range from the basic
information of gene families and protein structure, which allows both a prediction
of the amino acid sequence for understanding function and for use in the genera-
tion of specific antibodies, to the design of complementary probes for mRNA
analysis to study events in gene regulation. The development of in situ hybridiza-
tion histochemistry has had a particularly profound influence in neurobiology
because of the anatomical complexity and chemical diversity of the nervous
system. These tools allow detection of changes in specific mRNA levels in
discrete brain regions or single neurons following experimental manipulation.
Although significant progress and insight has already been achieved in understand-
ing the regulation of neuropeptide mRNAs, many studies have been aimed at
confirming and extending information previously suspected from immunocyto-
chemical data. New procedures are expected to provide further insights into the
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specific mechanisms of how neurotransmitter regulation is affected by synaptic
activity. For example, a very exciting recent report demonstrated the ability to
detect by in situ hybridization the unprocessed complex RNA (containing both
exons and introns) in the nucleus with an intron specific probe;'* these RNA
molecules exist immediately after transcription of the gene. This finding suggests
that transcriptional activity can be detected in individual cells with in situ hybrid-
ization histochemistry, and serves as the next logical extension of the previous
studies of steady-state cytoplasmic RNA levels. Moreover, these in situ hybridiza-
tion histochemistry procedures will lend themselves directly to studying receptor
and enzymatic regulation at the cellular level as well.

The continual infusion of molecular genetic technologies into all scientific
disciplines promises to have a significant impact on answering fundamental
biological questions. Some of these approaches have been initiated and include
nuclear run-on assays to study actual gene transcriptional rates,'”' DNA hypersen-
sitivity sites to determine potential regulatory regions on genes,'”” determining
domains (cis regions) within each gene that are “receptors” for DNA binding
proteins that control gene function (transacting factors),'* the powerful DNA
amplification procedures, > and in the diagnosis of genetically based disorders.
Particular attention should be paid to the gene amplification procedures (PCR)'**
since these powerful techniques are improving many of the basic cloning methods.
Their application in the context of development, neurotransmitter actions, aging,
disease, and control of specific phenotypic expression at the individual neuron-
cell will lead to a better understanding of the system complexities and, certainly,
pose new fundamental questions on its plasticity.

One of the newer and more powerful techniques aimed at understanding the
function of specific proteins in the context of biology is the creation of transgenic
animals.'”’ In these animals a gene of interest is inserted into a fertilized oocyte
and the resultant offspring possess the new gene, the expression of which is under
experimental control. These studies should allow determinations of gene function
and malfunction in certain experimental conditions or diseases, since it is possible
to observe the effects of a gene in a controlled whole-animal setting. The addition
of a whole new array of techniques to the traditional interdisciplinary study of
biological problems promises a bright future in our quest for understanding
cellular and system function.
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Background to Monoclonal Antibodies
Melvin E. Klegerman

2.1. What Are Antibodies?

Antibodies are the most important elements of what is known as the humoral
immune system, which comprises soluble proteins that help to defend against
foreign entities such as microorganisms and transformed (malignant) cells. The
other major branch of the immune system is termed cell-mediated immunity
(CMI) and denotes the actions of such cells as lymphocytes, macrophages,
and granulocytes against foreign entities. The distinction between humoral and
cellular immunity is somewhat artificial, however, since the two aspects are
intimately interrelated. For instance, antibodies often function to trigger the
destruction of target organisms by cells, and soluble proteins known as cytokines
act as messengers between cells during the immune response.

Antibodies belong to a group of serum proteins known as y-globulins, which
is a designation based on the electrophoretic separation of these proteins. The 7y-
globulins migrate the farthest toward the cathode in an electric field and, therefore,
are among the most positively charged of the serum proteins at physiologic pH.
Of the electrophoretically separated serum protein fractions, y-globulins are
second in abundance only to albumin, comprising about 25% of the total protein.
Most y-globulins are immunoglobulins; an antibody, in turn, is an immunoglobu-
lin that binds specifically to a particular structural component (epitope) of an
antigen, which can be almost any foreign compound. The antibody is generated
naturally under conditions such as infection, or by immunizing an animal with a
high-molecular-weight substance (macromolecule) that contains the epitope.

2.2. Immunoglobulin Structure

Immunoglobulins are glycoproteins containing 4-18% carbohydrate by weight.
The structure of one kind of immunoglobulin, IgG, is shown schematically in
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Figure 2.1. Schematic structure of an immunoglobulin G (IgG) molecule, showing the
location of domains. C, constant region; H, heavy chain; L, light chain; V, variable region.

Figure 2.1. An immunoglobulin subunit consists of a short polypeptide chain,
the light chain (approximately 25,000 molecular weight), and a longer polypep-
tide chain, the heavy chain (approximately 50,000 molecular weight), covalently
linked together by a single cystine disulfide bond. The immunoglobulin monomer
consists of two subunits linked by two disulfide bonds. Three dimensionally,
each chain consists of a series of globular domains, like a string of beads, each
containing a single intrachain disulfide bond. The heavy chain usually consists
of four domains and the light chain has two.

The amino acid sequences of immunoglobulin molecules produced in animals
vary greatly. The amino acid sequences of all immunoglobulin molecules pro-
duced by a single B-lymphocyte are identical. For immunoglobulins synthesized
by different B cells, the amino acid sequences of the first (amino-terminal) domain
in each chain are usually very different; thus, these are known as variable domains
and are responsible for the antibody’s ability to bind to epitopes. Although the
remaining portions of the immunoglobulin chains are termed constant, their
structure also varies according to class, subclass, and allotype.

There are five classes of immunoglobulins: G, A, M, E, and D. Each is
determined by the amino acid sequence of the constant portions of the heavy
chains, which are termed vy (IgG), a« (IgA), u (IgM), ¢ (IgE) and & (IgD).
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There are also some characteristic differences in the molecular structures of the
immunoglobulin classes. For instance, IgG is a single monomer, while IgM
consists of five monomers linked together by peptide chains known as J-chains.
The u-chain also contains five domains instead of four.

Based on the amino acid sequences of their constant regions, there are two
types of light chains, « and A, either of which can be found in any of the
immunoglobulin classes. Further differences in constant region amino acid se-
quences within an immunoglobulin class fall into subclasses that are found in
every individual or define allotype alleles that are inherited by different individu-
als. In addition, characteristic sequence differences exist among species. Any of
these amino acid sequence differences can be exploited in producing antibodies
specific for particular immunoglobulin molecules. For instance, antibodies that
bind only to rabbit IgG (via epitopes consisting of unique sequences on the y-
chain) can be produced in goats, which respond to rabbit-specific sequences as
foreign antigens.

Any domain can be specified by chain type, region and distance from the
amino-terminus. For example, C,2 refers to the second constant domain of
the heavy chain. Another way of viewing immunoglobulin structure is through
“enzyme cleavage fragments.” The proteolytic enzyme papain cleaves heavy
chains at the amino-terminal side of the intersubunit disulfide bonds, forming two
amino-terminal Fab fragments and one carboxy-terminal Fc fragment, while the
protease pepsin cleaves on the other side of the disulfide bonds, forming one
F(ab"), fragment and two heavy chain carboxy termini. This structural classifica-
tion is also shown in Figure 1.

The Fab or F(ab'), fragments, therefore, retain the antigen-binding properties
of the antibody. The Fc fragment, however, possesses the functional attributes
(explained below) of the molecule, since the heavy chain carboxy-terminal do-
mains contain structures that are recognized by immune cell-surface receptors.
Fab fragments are often used to utilize the specific binding properties of anitbodies
without activating undesired immune processes.

2.3. Development of the Humoral Immune Response

Epitope-containing macromolecules that elicit an immune response are known as
immunogens. Many factors determine whether an immunogen will produce an
effective immune response. These include the size of the immunogen molecule,
the route by which it is administered, and nonspecific immune stimulants known
as adjuvants with which it may be associated. Hyperimmunization of an animal
with an immunogen requires the use of strong adjuvants, such as Freund’s
complete adjuvant, resulting in the production of antibodies specific for many
epitopes. The serum from a hyperimmunized animal, therefore, is termed poly-
clonal, since it contains antibodies produced by the progeny of many different
activated B cells.
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The molecular mechanisms of antibody synthesis have been elucidated during
the past 30 years. It is now known that each immunoglobulin domain and the
amino acid sequences that link them are coded for by separate genes. The genes
coding for the variable domains are hypermutable, and, in stem cells of the B-
lymphocyte lineage during fetal development, mutations and recombinations of
these genes result in millions of different randomly produced antigen-binding
sites. The variable region genes then become “locked into” each mature B cell
so that each of these cells can synthesize immunoglobulins of only one specificity.
The progeny of each B cell or clone produce antibodies of the same specificity
(but not necessarily the same Ig class; see below); therefore, the immunoglobulin
product of these cells is monoclonal, at least in terms of specificity.

B cells utilize IgM and IgD as cell-surface antigen receptors. During fetal
development, B cells that bind to antigens (which, at that point, are almost all
self-antigens) with a critical affinity are eliminated in order to prevent autoimmune
reactions later. After birth, however, relatively high-affinity antigen binding
triggers differentiation of the B-lymphocyte into a plasma cell, which migrates
to the spleen or a lymph node, proliferates, and secretes IgM antibodies into the
circulation as part of a primary antibody response to antigen. Alternatively, some
of the stimulated B cell’s clonal progeny differentiate into circulating memory
cells. When one of these cells encounters antigen, it triggers a secondary antibody
response, becoming an lgG-secreting plasma cell that produces much more
antibody of higher affinity for antigen for a longer period of time than the primary-
response plasma cells. The immunoglobulin “class switch” triggered in the sec-
ondary response is sometimes to IgA or IgE. Thus, the progeny of a plasma cell
produce antibodies that are monoclonal in terms of immunoglobulin class, as
well as specificity.

Antigen alone is sufficient to activate B cells in the case of carbohydrate
(especially bacterial polysaccharide) antigens. Protein antigens, however, require
the intercession of two other types of cells, T-lymphocytes and antigen-presenting
cells (APC). A T-dependent antigen must first be ingested by an APC such as a
macrophage or B cell. Peptides resulting from digestion of the protein antigen
are displayed on the surface of the cell by Class Il major histocompatibility
complex (MHC) proteins. Helper T cells recognizing these peptides and the MHC
proteins associated with them become activated and secrete lymphokines. In
addition to antigen, B cells require the lymphokines IL-2, IL-4, and IL-5 for a
T-dependent response.

2.4. Antibody Functions

As previously stated, IgM is the immunoglobulin class of the primary antibody
response to antigen. Its polymeric structure makes it very effective in agglutinat-
ing particulate antigens such as bacteria and even eukaryotic cells. The resultant
large clumps of particles are then rapidly and easily cleared from the body by
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both mobile and fixed phagocytes such as macrophages and Kupffer cells in the
liver.

IgG, the primary product of the secondary immune response, is most versatile
in causing the destruction of foreign cells. High-affinity binding of IgG to micro-
bial cell-surface antigens promotes ingestion (phagocytosis) and killing of the
microbes by macrophages and neutrophils. It also activates the classical comple-
ment cascade, which results in the lysis of eukaryotic cells and Gram-negative
bacteria.

Complement is another major component of the humoral immune system.
Consisting of nine proteins that sequentially activate each other, the classical
complement pathway culminates in a five-protein “attack complex” that punches
holes in the lipid bilayer of membranes. The first complement protein, Cl, is
activated by binding to the Fc portions of IgG antibodies bound to closely spaced
antigens on a surface. IgM also efficiently activates this pathway. Antigen-bound
IgG promotes phagocytosis directly by binding to cell-surface Fc receptors on
macrophages and neutrophils and indirectly, by fixing the activated third comple-
ment protein fragment, C3b, to bacteria, which in turn is bound by phagocyte
cell-surface C3b receptors.

IgG also promotes the destruction of virally infected and malignantly trans-
formed cells through a process known as antibody-dependent, cell-mediated
cytotoxicity (ADCC). Virus infection or malignant transformation of normal cells
often generate new cell-surface antigens that are recognized as foreign by the
host’s immune system. The association of natural killer cells, which also possess
Fc receptors, with antibodies bound to these antigens, facilitates killing of the
altered cells by these lymphocytes.

IgA is the first line of defense against many microorganisms and noxious
agents. The major immunoglobulin component of bodily secretions such as
mucus, tears, saliva, and milk, IgA is often polymerized (1-3 monomers) by J-
chains. This class of antibody functions mainly in two ways: (1) immobilization
of microbes, facilitating their clearance by physiologic mechanisms such as
mechanical movement of mucus out of body cavities, and (2) neutralization,
including inhibition of microbial adherence to membranes, or viral penetration
of cells and the effects of toxins.

As mentioned, IgD acts as B cell receptor for antigens. IgE mediates immediate
hypersensitivity, or allergic, reactions. IgE associates with & chain-specific Fc
receptors on basophils and mast cells. Binding of antigen by the Fab portion of
the antibody stimulates these cells to release various effectors that orchestrate a
physiologic response designed to expel foreign material.

2.5. Monoclonal Antibodies
2.5.1. History

The first production of monoclonal antibodies, reported by Koéhler and Milstein
in 1975,' represented the convergence of three areas of scientific research: immu-
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nochemistry, the in vitro cultivation of cancer cells, and the molecular biology
of malignant transformation.

A modern understanding of the development of the humoral immune response,
summarized above, is the result of the clonal selection theory advanced during
the 1950’s by Macfarland Burnet and others.” This theory, largely corroborated
since its inception, made possible the entire concept of monoclonal antibodies
since it postulated “one B cell, one antibody.” Thus, immunization of an animal
with an immunogen could be expected to produce many plasma cells or B cell
clones producing antibodies specific for a number of different epitopes of that
immunogen. Unfortunately, normal antibody-producing cells could not be main-
tained in culture, prohibiting the production of monoclonal antibodies with desired
specificities for particular epitopes. Kohler and Milstein’s solution of this problem
provided the most outstanding proof of the clonal selection theory.

Malignant cells had been grown from tumors in vitro almost from the beginning
of this century, but until the 1960s cell culture could be performed only with
difficulty by highly skilled investigators. At that time, uniform quality culture
media, animal sera, and specially treated disposable tissue culture flasks and
other plasticware became commercially available, enabling many biomedical
scientists to take advantage of this technique. Since then, innovations such as
multiwell culture plates and methods for cell cloning and serum-free (and even
protein-free) media have been introduced, allowing optimization of monoclonal
antibody production.

Among the many kinds of cancer cells that could be established and maintained
indefinitely in culture after the introduction of better tissue culture materials and
techniques were several mouse myeloma or plasmacytoma lines. Plasmacytoma,
as the name implies, is a cancer composed of endlessly proliferating plasma cells.
Establishment of such cells in culture overcame the problem of plasma cells dying
in culture, but an inability to control which of these cells become malignant meant
that the immunoglobulins that they produce are generally useless. If the specificity
of normal plasma cells produced after immunization of an animal could be
combined with the proliferative capacity of plasmacytoma cells in culture, a
powerful immunochemical technology would be created.

The missing element of this technology was provided by research into the
molecular genetics of cancer during the decade preceding Kéhler and Milstein’s
breakthrough. This research involved the production of heterokaryons or cell
hybrids formed by the fusion of normal and malignant cells in order to determine
whether the genes governing the transformation process are dominant or reces-
sive. The fusion was initially accomplished with Sendai virus,>* but polyethylene
glycol (PEG) was later found to be a much more efficient fusogen.’

The most important aspect of heterokaryon research in terms of monoclonal
antibody technology was the ability to select hybrids of the two parent cell lines.
Littlefield® devised an ingenious method of ensuring that all other cells would die
by exploiting the redundant nature of nucleic acid biosynthesis. The de novo
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synthesis of nucleotides requires tetrahydrofolate derivatives in three places. Two
of the carbons in the purine ring, which is the central structure of adenine and
guanine, are provided by N'’-formyltetrahydrofolate, while the methylation of
deoxyuridine monophosphate ({UMP) to form thymidine monophosphate (TMP)
requires N°,N'*-methylenetetrahydrofolate. The folic acid analog aminopterin
inhibits the enzyme dihydrofolate reductase, which is needed to provide tetrahy-
drofolate.

Blockage of nucleotide biosynthesis by aminopterin can be overcome, how-
ever, by taking advantage of salvage pathways designed to utilize bases and
nucleosides produced by degradation of nucleic acids. The enzyme hypoxanthine-
guanine phosphoribosyltransferase (HGPRT) catalyzes the conversion of guanine
to guanosine monophosphate (GMP) and hypoxanthine to inosine monophosphate
(IMP), which is converted to both adenosine monophosphate (AMP) and GMP.
The inhibition of TMP synthesis by aminopterin is overcome by providing thymi-
dine, which is converted to TMP by the enzyme thymidine Kinase.

Littlefield selected cells of a given line that were deficient in HGPRT by adding
8-azaguanine or 6-thioguanine to the culture medium. Conversion of these bases
to their corresponding nucleotides by HGPRT caused the incorporation of guanine
analogs into nucleic acids, resulting in cell death. Only cells that did not possess
a functional HGPRT gene could avoid this poisoning and survive. Culture of
these HGPRT-deficient cells in medium containing hypoxanthine, aminopterin,
and thymidine (HAT medium), however, would kill them since they could not
overcome inhibition of nucleotide synthesis by the aminopterin. Only hybrids
formed by fusion of HGPRT  cells with cells possessing a functional HGPRT
gene would produce the enzyme and proliferate in HAT medium.

If the HGPRT™ cells are likely to persist in culture for extended periods of
time, a strategy to kill these cells as well would also have to be employed. For
instance, Littlefield selected his second cell line for thymidine kinase deficiency
and others™ * selected their first cell line for resistance to a toxic compound,
ouabain, as well as HGPRT deficiency. Thus, cells from each line would provide
the other with genes needed for survival and only fusion products of the two
could survive and proliferate. K6hler and Milstein knew that normal plasma cells
could survive in culture for only about a week. Use of HGPRT ™ plasmacytomas
alone, therefore, would be sufficient to guarantee selection of hybridomas in
HAT medium.

2.5.2. Hybridoma Production

The establishment of hybridoma cell lines that consistently secrete useful mono-
clonal antibodies requires several steps: immunization, cell fusion, selection,
screening, cloning, characterization and storage. This process is summarized in
Figure 2.2.
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2.5.2.1. Immunization

Immunization of animals with immunogens is performed in much the same way
as it is for production of polyclonal antisera. Microgram—milligram quantities of
the immunogen mixed with an adjuvant (aluminum salts, Freund’s complete or
incomplete adjuvant, or one of several recently developed commercial formula-
tions) are injected intradermally or subcutaneously at multiple sites repeatedly at
different times. Often, the animal is bled at various times and the serum is tested
using a convenient assay to determine the relative concentration of antibodies of
the desired specificity. When the response is judged to be nearly optimal, the
animal is sacrificed and the spleen, which contains a large number of plasma cells,
is dissociated into single splenocytes by mechanical and/or enzymic methods.

2.5.2.2. Cell Fusion

Splenocytes are then mixed with plasmacytoma cells in an appropriate medium,
exposed briefly to a high concentration (e.g., 50%) of PEG, and fusion is allowed
to proceed over a period of time. The method of producing monoclonal antibody-
secreting hybridomas with splenocytes has made the mouse the animal of choice
for this technology since these animals are very inexpensive and several billion
cells can be obtained from a mouse spleen. In contrast, mice are rarely used for
the preparation of polyclonal antisera, since they have a very low blood volume
(about 1 ml); guinea pigs, rabbits, goats, sheep, and horses are most commonly
used for this purpose.

The first mouse plasmacytoma lines used to produce hybridomas were immuno-
globulin-secreting cells. Thus, only a portion of the resultant hybridomas secreted
antibodies having the structure of the splenocyte immunoglobulin.” Since then,
this problem has been solved by using nonsecreting lines.® Hybridomas from
many different species have been prepared. Of greatest interest, however, is the
production of human monoclonal antibodies for therapeutic use, since immuno-
globulins from other species are perceived as foreign antigens by the immune
system. The immune response greatly reduces the effectiveness of the monoclonal
antibody and may cause adverse effects in the patient.

Obviously, humans cannot be experimentally immunized and splenectomized.
The method most commonly used for preparation of human monoclonal antibody-
secreting cells is to isolate circulating B cells and transform them with an onco-
genic virus. Cell lines prepared in this way, however, tend to be unstable and
complete removal of virus must be assured before the antibodies can be used
clinically. Recently, mouse—human hybrids prepared by genetic engineering
techniques, in which the variable immunoglobulin domains are of mouse origin
and the immunogenic constant domains are of human origin, have shown much
promise.”
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2.5.2.3. Selection and Screening

Selection of hybridoma cells in HAT medium is usually followed directly by
screening of hybridomas for secretion of antibodies of the desired specificity.
After fusion, the cells may be transferred to HAT medium in tissue culture flasks.
After an appropriate incubation time, all viable cells will be hybridomas. They
are removed from the flasks, transferred to regular culture medium and aliquots
are distributed among the wells of 96-well plastic culture plates. Alternatively,
the initial suspension of cells in HAT medium may be apportioned into wells. In
either case, the medium in each well is periodically tested for the desired antibody
reactivity.

The most commonly used screening assay is the enzyme-linked immunosorbent
assay (ELISA). The antigen is adsorbed to the bottom of 96-well plates. Samples
to be tested are then incubated in the wells for an appropriate period of time. If
a sample contains the desired antibody, it will bind to the antigen and remain
associated with the well as unbound material is washed off. This antibody is then
detected by an immunoconjugate consisting of two components covalently linked
to each other. One component is an antibody specific for an epitope in the constant
domain of the first antibody (e.g., mouse Fc or mouse y-chain). The second
component is an enzyme such as alkaline phosphatase or horseradish peroxidase.
If immunoglobulin from the first incubation is immobilized in the well, the
immunoconjugate will be retained also.

After another washing step, a colorless substrate that is converted to a colored
product by the enzyme of the immunoconjugate is added. For instance, alkaline
phosphatase converts paranitrophenyl phosphate to the yellow compound parani-
trophenol, which has an absorbance maximum near 405 nm. After an appropriate
incubation, the enzymic reaction is stopped and the optical density of each
well at the product’s characteristic absorbance wavelength is determined with a
specialized colorimeter known as a “plate reader.” The ELISA procedure is
easily automated, and motorized, computerized plate readers are commercially
available, making it possible to screen thousands of culture wells routinely.

2.5.2.4. Cloning

Single cells secreting the desired antibody must then be isolated from positive
cultures and propagated into cell lines. Two cloning techniques are most widely
used: (1) limiting dilution and (2) soft agar. In limiting dilution, cells in the
culture are enumerated, diluted, and aliquoted into new wells so that it is statisti-
cally unlikely that more than one cell will be found in any well. Cells are allowed
to regrow and the procedure is repeated several times to increase the probability
that all the cells in a given well are monoclonal. The second method exploits the
fact that many malignant cells will proliferate, forming spherical colonies, in a
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semisolid medium containing low amounts of agar. If the culture can be reliably
dispersed into single cells and the cell concentration is such that the colonies will
be well spaced, then visible colonies picked out of the agar are likely to be
monoclonal.

It is often advisable to combine both methods, especially since clones require
rescreening. For instance, positive cultures after initial screening can be subjected
to several rounds of limiting dilution. The medium from each well is then screened
with ELISA and positive cultures are dispersed in soft agar. Individual colonies
are cultured in new wells and transferred to successively larger vessels until seed
stocks can be frozen and enough material is available for characterization.

2.5.2.5. Characterization and Storage

The final determination of monoclonality requires biochemical and biophysical
characterization of the immunoglobulin. Spectroscopic, electrophoretic, and
chromatographic methods, which can detect multiple molecular populations, are
frequently used for this purpose. At this time, the antibody is tested for suitability
in the context of its intended application (e.g., diagnostic or therapeutic; coupled
to a drug, enzyme, or radionuclide; associated with a target cell population after
injection into an animal). It is also characterized immunochemically to determine
its affinity for antigen, its immunoglobulin subclass (assuming that its class was
determined during initial screening), the epitope for which it is specific, and the
effective number of binding sites that it possesses.

Knowledge regarding stability, not only of the antibody but also of the cell
line, is important. Genetic stability of the cell line can be determined by monitor-
ing several of its properties during serial passage of the cells in culture. These
include the number, shape, and size of the chromosomes (karyology), biochemi-
cal properties of the immunoglobulin product and other proteins, and various
metabolic and growth characteristics. The ability of the cells to withstand freez-
ing, storage for various periods of time, thawing, and reculture must be ascer-
tained. Finally, the physical and chemical stability of the antibody itself during
different conditions of storage and use, especially for its intended purpose, must
be determined. In short, characterization should be aimed at answering vital
questions concerning applications, stability of both cells and antibody in condi-
tions of handling and storage, and large-scale cell culture and antibody purifi-
cation.

Samples of incipient cell lines secreting antibodies of the desired specificity
should be frozen in liquid nitrogen at several stages of cloning and culture so that
unforeseen mishaps will not destroy useful clones. Seed stocks should also contain
a maximum number of clones secreting antibodies of the desired specificity so
that alternatives are available as intended applications of the antibody change or
clones or their immunoglobulin products prove to be unstable.
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2.5.3. Uses of Monoclonal Antibodies

The applications of monoclonal antibodies are governed by their advantages and
disadvantages relative to polyclonal antibodies. Advantages include (1) unlimited
supply without change, making unnecessary the extensive recharacterization
previously required when producing new antisera with the same immunogen; (2)
no need to store antibody preparations for long periods of time; (3) defined
specificity, making unnecessary the isolation of antibodies of a defined specificity
once the initial selection has been performed; (4) homogeneous properties, includ-
ing affinity for antigen, interaction with other immunologic components, and
other characteristics; (5) ease of antibody purification, often requiring only a salt
precipitation or adsorption to protein A; and (6) ability to use a crude, poorly
characterized mixture as an immunogen, with selection and characterization of
epitope specificity at the hybridoma stage. The last advantage makes monoclonal
antibody technology a particularly powerful research tool.

Disadvantages include (1) lack of usefulness in investigating the physiologic
role of a particular antibody, unless a considerable amount of information is
already known; (2) tendency to be nonprecipitating, because antigen—antibody
network formation is precluded by only one epitope per protein molecule; (3)
tendency toward instability, especially in vivo; and (4) inability to discriminate
among different antigens possessing the same epitope.

The major applications of monoclonal antibodies are investigational, diagnos-
tic, therapeutic, and preparative. An example of the research applications of
monoclonal antibodies is the delineation of lymphocyte subpopulations by pheno-
typic markers. Previously, cells (both prokaryotic and eukaryotic) were serotyped
by injecting animals with the whole cells or extracts prepared from them. The
resultant antisera were methodically and tediously absorbed with cell clones to
produce panels of antisera that reacted with particular antigens found on one or
more groups or types of cells and not others. Now, the same kind of immunogens
can be used to produce monoclonal antibodies that may be directly tested for their
ability to bind to subpopulations of cells.

This approach has been used to catalog the cell-surface proteins of lympho-
cytes, monocytes, and other cells according to the cluster determinant (CD)
system. At least 78 proteins have thus far been identified by monoclonal antibodies
that bind to epitopes specific to each of them and their functions are gradually
being determined. For instance, CD16 is the B cell Fc receptor.'' Much of the
recent explosion of knowledge concerning immunologic mechanisms is due to
monoclonal antibody technology.

Medical diagnostics were the first, and continue to be the main, commercial
application of monoclonal antibody technology. The major in vitro use of mono-
clonal antibodies is immunoassay, which utilizes antibodies for their specificity,
and is based on the principle of “labeling” the antibody or the antigen so that it
may be quantitated in a reaction mixture. Measurement of antigen concentration
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is exemplified by radioimmunoassay (RIA), in which the antigen contains or is
coupled to a radionuclide such as '*I (an emitter of y-radiation), *H, or '“C
(emitters of B-radiation). A small quantity of this “tracer” is allowed to bind to
an even smaller number of antibodies. As an increasing quantity of unlabeled
antigen (as in an unknown sample) is added, it competes with labeled antigen for
antibody binding sites and a progressively smaller proportion of the tracer is
bound to antibody.

Antibody-bound radioactivity may be separated from unbound tracer by a
number of different methods and the radioactivity quantitated in a suitable detector
such as a gamma-ray spectrophotometer or a liquid scintillation counter. The
antigen concentration in the sample is determined from the proportion of tracer
bound to antibody by reference to a dose—response curve determined from assay
of antigen standards of known concentration. Antigens measured by RIA include
hormones, drugs, cytokines, metabolites, and tumor-associated antigens. Use of
a labeled antibody to quantitate another antibody is exemplified by ELISA,
described above.

Scientists are extensively investigating the possibility of using monoclonal
antibodies to target radionuclides and contrast agents to pathologic structures
such as tumors and atherosclerotic plaques in vivo. Scanning of the patient with
a gamma-ray detector, X-ray machine, or ultrasound, for instance, would detect
and locate the diseased tissues. Major problems that have been encountered
in these attempts are antibody instability and nonspecific localization of the
immunoconjugates in organs such as the liver and spleen. The use of monoclonal
antibodies for in vivo diagnosis and therapy is described in Chapter 9 of this
volume.

A particularly valuable application of monoclonal antibodies is antigen purifi-
cation by affinity chromatography, for which the extreme specificity of mono-
clonal antibodies is especially advantageous. Antibody affinity can be selected to
optimize adsorption and elution of antigen, but clones also should be selected for
their ability to produce antibodies that can withstand covalent linkage to an inert
support and resist degradation under elution conditions.
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Lymphokines and Monokines
Melvin E. Klegerman and Nicholas P. Plotnikoff

3.1. Introduction

The cellular parts of the immune system (macrophages, T cells, and B cells) are
regulated in their functions, to a large extent, by factors produced by these cells.
These factors produced by the cells of the immune system are referred to as
cytokines in the generic sense. More specifically, factors produced by lympho-
cytes are known as lymphokines, whereas those produced by macrophages are
known as monokines. Recent progress in biotechnology is based on the production
of large amounts of these factors, allowing for clinical evaluation in cancer and
AIDS patients as well as other conditions involving the immune system (Figure
3.

3.2. Gamma Interferon (IFN-y; Immune Interferon)

The interferons were discovered in 1957, when it was found that heat-inactivated
influenza virus induced the formation of substances in chick chorioallantoic
membranes that inhibited the growth of the live virus.' In 1965 Wheelock discov-
ered that an interferon-like protein was produced by leukocytes exposed to the
T-lymphocyte mitogen phytohemagglutinin (PHA).? Subsequently, this T cell
factor was found to mediate several important immune mechanisms and was
termed immune, nonviral, type II, and finally, gamma interferon (IFN-y).

The virally induced, nonimmune, type I interferons consist of leukocyte inter-
feron (IFN-«), produced by various lymphocytes and macrophages, and fibroblast
interferon (IFN-B), produced by fibroblasts, epithelial cells and macrophages.’
All the interferons are glycoproteins; IFN-a and IFN-8 exhibit about 30% homol-
ogy in their amino acid sequences, but the type I interferons and IFN-y show no
structural similarities and bind to different cell-surface receptors. Yet they exhibit
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Figure 3.1. Cytokines, lymphokines, and monokines of the immune system. (Reprinted
by permission of Dr. Lloyd J. Old from Scientific American, May 1988.)

many of the same effects, with type I interferons being more potent in antiviral
activity and IFN-y possessing a primary physiologic function as a lymphokine.*

3.2.1. Endogenous Production

Human IFN-y consists of a single protein chain of 134 amino acids exhibiting a
molecular weight of 15,500, which is differentially glycosylated to produce
two subunits of molecular weight 20,000 and 25,000. The subunits associate
noncovalently, probably by hydrophobic interactions, to produce a dimer, which
is the main form of the lymphokine occurring in vivo. After the human IFN-y
gene was successfully cloned and expressed in the bacterium Escherichia coli in
1982, the unglycosylated protein was found to possess full biological activity,
indicating that the carbohydrate portions of the molecule are not involved in cell-
surface receptor binding.> >’

IFN-v is produced by T4 and T8 lymphocytes and natural killer (NK) lympho-
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cytes that have been stimulated both by antigen binding to their T cell receptors
and by interleukin-2 (IL-2), which is secreted by activated helper T4 lymphocytes.
Antigen binding can be mimicked by mitogens such as PHA, concanavalin A, and
staphylococcal enterotoxin A. Binding of IL-2 to the lymphocyte IL-2 receptor
activates a cell membrane lipoxygenase, leading to increased production of leuko-
trienes. Leukotrienes activate guanylate cyclase, which causes an increase of
intracellular cyclic guanosine monophosphate (cGMP) levels, resulting in an
influx of calcium ion (Ca®"). Increased cytoplasmic Ca’*, with antigen or mitogen
binding, triggers production and secretion of IFN-y and also activates a phospholi-
pase, which causes release of arachidonic acid, the substrate for leukotriene
synthesis, from membrane phospholipids. IFN-y secretion is terminated by devel-
opment of T8 suppressor lymphocytes, which sequester IL-2. Macrophages con-
trol the release of IFN-y in three ways: (1) by presenting antigen (in association
with histocompatibility antigens) to T4 helper and T8 lymphocytes, (2) by secret-
ing IL-1, which induces IL-2 production by antigen-stimulated helper T cells,
and (3) by providing leukotrienes to lymphocytes directly, thereby bypassing the
IL-2 requirement.’ The molecular mechanisms of IFN-y production are summa-
rized in Figure 3.2.

3.2.2. Effects and Functions of IFN-y

In response to viruses and oligoribonucleotides, both type I interferons and IFN-
v induce an antiviral state in various cells by activating 2’, 5'-oligoadenylate
synthetase and a protein kinase.® All interferons also inhibit cell proliferation and
promote antiviral immunity by activating NK and cytotoxic T lymphocytes,
stimulating B lymphocyte differentiation (resulting in antiviral antibody produc-
tion), and inducing increased expression of class I histocompatibility antigens on
the surface of various cells*. Recognition of these histocompatibility antigens
(when associated with viral antigens) by cytotoxic T8 lymphocytes leads to
destruction of virally infected cells’.

Major immunomodulatory activities exhibited by IFN-y, but not type I interfer-
ons, are induction of cell-surface class II histocompatibility antigens on lymphoid
cells and monocytes,'®'? induction of cell-surface immunoglobulin Fc receptors
on monocytes and macrophages," and activation of macrophages. Presentation
of antigens with class II histocompatibility proteins to helper T4 lymphocytes
results in activation of these cells, which secrete 1L-2, amplifying the immune
response, and cause production of antibodies instrumental in the clearance and
killing of microorganisms, as well as the destruction of malignantly transformed
and virally infected cells.” The expression of Fc receptors promotes phagocytosis
of microorganisms to which antibody has bound. " The role of IFN-y in activation
of macrophages to microbicidal and tumoricidal states is discussed in the section
on TNF-« production.

IFN-y also induces differentiation of stem cells into monocytes in bone marrow
and inhibits growth of intracellular protozoal pathogens.*
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3.2.3. Applications

Cloning of the IFN-y gene by scientists at Genentech after the type I interferon
genes had been cloned in 19791980 is an excellent example of how the ingenious
and powerful methods of recombinant DNA technology can be used to solve both
applied and basic science problems. Because of IFN-y heterogeneity in vivo,
investigators lacked a pure preparation and an amino acid sequence of the lympho-
kine. They first isolated messenger RNA (mRNA) from cultures of human periph-
eral blood lymphocytes in which the synthesis of IFN-y had been induced by
staphylococcal enterotoxin B and 1-a-desacetylthymosin. The mRNA fraction
was then injected into Xenopus laevis oocytes, which are highly active in synthe-
sizing proteins; mRNA associated with ribosomal RNA (rRNA, meaning that
they were actively being translated on ribosomes) was then converted to comple-
mentary DNA (cDNA) with the enzyme reverse transcriptase. Insertion of these
c¢DNAs into bacterial plasmids created a cDNA library of 8,200 clones. When
this library was hybridized with ’P-labeled cDNA probes prepared from induced
and uninduced lymphocytes, about 20 of the clones contained DNA that bound
to the induced, but not the uninduced, probes, which is the behavior expected
for the IFN-y gene. Testing of the proteins produced by prokaryotic and eukaryo-
tic cells transfected with these last clones for the antigenic and biochemical
properties of IFN-y resulted in identification of the IFN-y gene. The cloned gene
proved invaluable for elucidation of the lymphokine’s structure and functions, as
well as for its manufacture from E. coli by bacterial disruption and immunoaffinity
chromatography methods.*

All the interferons are now manufactured industrially using recombinant DNA
technology. The type I interferons show great potential for treatment of viral
diseases, including certain cancers that appear to have a viral origin, but the
effectiveness of IFN-y in treating other cancers is more speculative.' The U.S.
Food and Drug Administration has issued licenses to two firms, allowing the sale
of IFN-a for treatment of hairy-cell leukemia, for which the agent is 90%
effective. Awaiting licensure is the use of IFN-« for treatment of genital warts,
genital and oral herpes, acquired immunodeficiency syndrome (AIDS) and AIDS-
related Kaposi’s sarcoma, various cancers, upper respiratory infections, and
severe papillomavirus-induced infections (condylomata acuminata). Undergoing
clinical trials are IFN-a for viral hepatitis, IFN-8 for AIDS-related complex
(ARC), multiple sclerosis, and cancer, and IFN-y for various cancers, rheumatoid
arthritis, venereal warts, and scleroderma." '*

3.3. Interleukins

3.3.1. Interleukin-1 (Lymphocyte-Activating Factor)

Interleukin-1 (IL-1) is produced by activated macrophages (see Section 3.4.1.1),
signaling the onset of disease by activating T- and B-lymphocytes and natural
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killer cells.'” ' However, IL-1 also has multiple hormonal effects in the body,
producing neurological, hematologic, and endocrinologic changes.

There are two forms of IL-1, IL-1« and IL-183. There is a large prohormone,
of molecular weight 31,000 that is cleaved by protease to result in a 17,500 form.
Both the « and B8 forms are recognized by the IL-1 receptor. IL-1 can also be
produced by other cells such as Langerhans cells of the skin, B lymphocytes,
natural killer cells, and smooth muscle cells, as well as by the thymus. However,
the monocyte—macrophage cells are the principal source of IL-1.

3.3.2. IL-1 Effects and Applications

One of the primary roles of IL-1 is to activate T cells by inducing in them the
transcription, synthesis, and secretion of IL-2 plus the expression of IL-2 receptors
on the T cell surface. This effect has been described as a constimulator activity,
making IL-1 a growth factor for T cells. IL-1 also induces production of IFN-y
and other lymphokines by T-lymphocytes and activates B cells, natural killer
cells (in synergy with IL-2 and interferons), and macrophages. Its effects on bone
marrow cells are unique in that it synergizes with bone marrow growth factors.

IL-1 is pyrogenic by stimulating prostaglandin production in the hypothalamus.
It also produces anorexia and somnolence, and diminishes pain. IL-1 stimulates
pancreatic 3 cells, resulting in hyperinsulinemia, causes release of ACTH, and
elevates plasma corticosteroids. The monokine induces release of hematopoietic
growth factors by bone marrow stromal cells as well as by endothelial cells
and fibroblasts. IL-1 produces hypotension by decreasing venous pressure and
vascular resistance and increasing heart rate and cardiac output. It stimulates
production of prostaglandins, which are potent vasodilators, and induces inflam-
matory effects on connective tissue and epithelial cells, activates osteoclasts that
resorb bone, and chondrocytes that increase cartilage breakdown. Research is in
process to find I.-1 antagonists that may be helpful in treatment of rheumatoid
or osteoarthritis. Other approaches include treatment of immunodeficiency states
that accompany metastatic cancer, nutritional deficiencies, certain autoimmune
diseases, irradiation, chemotherapy, wounds, and burns.

3.3.3. Interleukin-2

19-21

Interleukin-2 (IL-2) has been identified as a T cell growth factor. Itis a
glycoprotein with a molecular weight of 15,500. The IL-2 receptor is found in
activated T cells. The IL-2 receptor meets all the requirements for hormone—
receptor interactions, including high affinity, saturability, ligand specificity, and
target cell specificity.

The receptor-binding concentration of IL-2 is the same concentration of the
lymphokine that promotes T cell proliferation. There is a low- and a high-affinity
IL-2 receptor. The high-affinity receptor consists of a large binding protein (75
kDa), the a-chain, and a smaller protein (55 kDay), the 8-chain.
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In the presence of specific antigens, T cell clones proliferate and differentiate,
producing T helper cells as well as cytotoxic T cells, and B cell clones become
antibody-producing plasma cells. In the quiescent stage, resting T cells do not
respond to IL-2. Normally, 3 days are required for all the T cells to express IL-
2 receptors. As the antigen is cleared, IL-2 receptors decline in number (the high-
affinity receptor diminishes). The IL-2 receptor binding of the lymphokine has a
half-life of 15 minutes as a result of accelerated ligand-mediated internalization.

3.3.4. IL-2 Therapeutic Implications

3.3.4.1. Transplants

Immunosuppressants such as the glucocorticoids and cyclosporine selectively
inhibit IL-2 production and thereby limit T cell numbers. Antibodies have been
developed that specifically react with the pS5 B-chain, specifically preventing
cardiac allograft rejection.

3.3.4.2. Autoimmune Diseases

IL-2 has been studied as a suppressant of experimental autoimmune diabetes
mellitus as well as systemic lupus erythematosus. Genetic engineering of bacterial
toxin and IL-2 conjugates is being studied as immunosuppressants of allograft
rejection.

3.3.4.3. Therapy of Cancer in Humans Utilizing LAK Cells and 1L-2

IL-2 is being studied for treatment of cancer by adoptive immunotherapy that
stimulates NK (natural killer) as well as tumor-reactive T cells. In addition, IL-
2 is being studied as an adjuvant for stimulating the immune response to vaccines
against tumors.

More recently, lymphokine-activated killer (LAK) cells have been found to
lyse tumor cells after activation with the lectin mitogen phytohemagglutinin in
combination with recombinant IL-2. Leukopheresis (repeated infusion of LAK
cells) is being used to treat cancer patients. Furthermore, the combination of
LAK cells plus IL-2 was found to result in varied clinical improvements in colon,
renal, and lung adenocarcinoma and melanoma patients. The limited clinical
benefits in cancer patients were accompanied by major side effects, such as
marked fluid retention (the capillary leak syndrome), resulting in hypotension,
tachycardia, oliguria, acute respiratory distress syndrome (hypoxia), and renal
dysfunction. Other side effects, such as chills and fever, were found to be reduced
by acetaminophen. "

3.3.5. IL-3 and GM-CSF

Activated T cells produce multi-colony-stimulating factors (CSF), which collec-
tively have been grouped as IL-3, a glycoprotein of 28 kDa. A major factor in
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this group is granulocyte macrophage—colony-stimulating factor (GM-CSF), a
glycoprotein of 144 amino acids. GM-CSF stimulates the formation of neutro-
phils, macrophages, and eosinophils. Thus, GM-CSF increases the white blood
cell count in neutropenic patients. GM-CSF is also produced by macrophages
and endothelial cells, the production being stimulated by IL-1.2""%

3.3.6. GM-CSF Effects and Applications

GM-CSF stimulates the production of neutrophils and potentiates antigen pro-
cessing by macrophages. The latter produce G-CSF (granulocyte CSF), and T
lymphocytes produce GM-CSF. Complementary DNA clones (as well as purifi-
cation of the protein) encoding human GM-CSF have been isolated. Thus, it
became possible to produce biosynthetic (recombinant) GM-CSF protein. GM-
CSF has multiple effects. It enhances chemotaxis, phagocytosis, oxidative metab-
olism, and cytotoxicity of eosinophils, macrophages, and neutrophils by increas-
ing production of arachidonic acid and leukotriene B4.%

In the bone marrow, GM-CSF increases production of neutrophils, monocytes,
and eosinophils. Cell-surface receptor protein for GM-CSF has been isolated
from cDNA clones. Receptors on neutrophils, eosinophils, and monocytes have
been characterized with '* I-labeled GM-CSF. Approximately 500 to 800 binding
sites per cell have been identified, with maximal activity at 100 pM GM-CSF
(K3=30 pM). The molecular weight of human GM-CSF is 84,000. Of special
interest is the finding that there are GM-CSF receptors on small-cell carcinoma
cells, which may be correlated with inhibition of growth. Thus, GM-CSF has
been proposed as adjunctive therapy for patients undergoing radiation or chemo-
therapy. Recombinant glycosylated GM-CSF has been produced in Chinese ham-
ster ovary cells, and found to increase neutrophils, monocytes, and eosinophils
in cynomolgus monkeys. Nonglycosylated recombinant human GM-CSF has also
been produced from E. coli and found to increase leukocyte numbers.

In bone marrow ablation by X-ray and replacement with autologous bone
marrow infusion, GM-CSF increases leukocytes, platelets, neutrophils, mono-
cytes, and eosinophils.

Neutropenia in AIDS patients has been successfully treated with GM-CSF in
a dose range of 0.5 to 8 ug/kg. Side effects observed included fever, facial
flushing, and maculopapular rash. Many believe that GM-CSF can increase host
defenses and reduce myelosuppression induced by chemotherapy, antibiotic, or
antiviral therapy. Reversal of leukopenia in sarcoma patients and neutropenia in
aplastic anemia have been reported. Toxicity at high doses (32 mg/kg) includes
myalgias, pulmonary toxicity, fever, and inflammatory symptoms. In summary,
the therapeutic applications of GM-CSF can improve the host defenses of immu-
nocompromised patients, facilitate recovery of bone marrow transplants, treat
infectious parasitic diseases, prevent infections in hospital patients with debilitat-
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ing burns and complex surgery, treat preleukemia and aplastic anemia, and induce
antitumor activity.

3.3.7. IL4, IL-5, and IL-6

The last three interleukins, -4, IL-5, and IL-6, have primary effects in aug-
menting B cell functions.”" * The human IL-4 consists of 129 amino acids, IL-
5 has 123 amino acids, and IL-6 is a polypeptide with 184 amino acids. In
addition, IL-4 has T cell growth factor (TCGF) activity (distinct from IL-2) and
M-CSF (monocyte CSF) activity separate from IL-3. IL-5 has also been found
to exhibit E-CSF (eosinophil CSF) activity. Finally, IL-4 and IL-5 stimulate
lymphocytes and hematopoietic cells.

Currently, basic studies are in progress to determine possible clinical applica-
tions in the areas of autoimmune disease, allergy, and cancer. For example, the
hematological restorative effects of GM-CSF are being widely explored.

3.4. Tumor Necrosis Factor (TNF)
3.4.1. TNF-« (Cachectin)

The discovery of TNF-a resulted from three separate lines of investigation into
the causes of (1) septic shock, (2) the wasting syndrome known as cachexia
that accompanies cancer, tuberculosis, and other diseases, and (3) hemorrhagic
necrosis of tumors sometimes caused by bacterial infections.

Septic shock is an often lethal condition characterized by hypotension, dissem-
inated intravascular coagulation, and renal, hepatic, and cerebral injury occurring
in mammals infected with gram-negative bacteria. ** During the 1940s the ultimate
cause of septic shock was shown to be an endotoxin in the cell walls of these
bacteria and was identified chemically as a lipopolysaccharide (LPS).”

Thirty years later, a marked elevation of plasma triglycerides was observed in
rabbits infected with Trypanosoma brucei, despite a condition of starvation and
wasting, and was shown to result from a systemic deficiency of the enzyme
lipoprotein lipase (LPL), which enables utilization of ingested fatty acids by
tissues. LPL suppression was found to be caused by a factor—termed cachectin—
produced by the animal in response to bacterial LPS.* *

The discovery of TNF-« ultimately had its origin in anecdotal reports during
the nineteenth century of sometimes dramatic regressions of malignant tumors
after patients contracted bacterial infections, especially if the infections occurred
in the tumor.*® These observations led the U.S. surgeon William B. Coley during
1892-1931 to attempt to treat cancers with injections of heat-killed bacterial
preparations known as Coley’s toxins.”' Although extreme variability of results
and toxicity (including fever and symptoms of septic shock) of these preparations
resulted in abandonment of this form of therapy, Coley’s work stimulated interest
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in the mechanisms underlying bacterially induced tumor regression.” In fact, it
was an investigation into the phenomenon of hemorrhagic tumor necrosis associ-
ated with gram-negative bacterial infections that resulted in identification of LPS
as the causative agent of this effect, as well as of septic shock.”

At about the same time that cachectin was discovered, Old et al. demonstrated
that LPS induced hemorrhagic necrosis of tumors via an endogenous mediator
(produced internally in response to LPS and directly causing tumor destruction)
termed tumor necrosis factor (TNF).* ™ Subsequently, this factor, which is a
protein, was purified and analyzed. Isolation and replication (cloning) of the gene
coding for the protein made possible complete determination of its amino acid
sequence, and it was then found that TNF-a (to distinguish it from TNF-8, a
similiar protein produced by lymphocytes) and cachectin were the same sub-
stance.”® Recently TNF-a has also been shown to help mediate endotoxic
Shock'.24, 36, 37

3.4.1.1. Endogenous Production

TNF-« is one of the major products of activated macrophages, which are the
primary source of this monokine.” In response to chemical signals (cytokines)
released by lymphoreticuloendothelial system (LRES) cells in the vicinity of
microorganisms or growing tumors, circulating monocytes migrate to the site and
become more metabolically active macrophages. Macrophages are then “primed”
by certain lymphokines (INF-y in mice and, perhaps, one or more other lympho-
kines in humans). Finally, primed macrophages may be “activated” by substances
present on the surfaces of certain bacterial cells, especially LPS and muramyl
dipeptide (MDP), the basic repeating subunit of the mycobacterial cell wall
peptidoglycan. Alternatively, macrophages may be temporarily activated in the
absence of microbial substances by high concentrations of lymphokines. Acti-
vated macrophages exhibit a much enhanced ability to engulf (by a process known
as phagocytosis) and kill microorganisms, and to kill on contact many different
kinds of cancer cells. The microbicidal and tumoricidal capacities of activated
macrophages vary according to the circumstances of activation.’®

Macrophage activation is accompanied by a threefold acceleration of transcrip-
tion of the gene coding for the TNF-a protein into messenger RNA (mRNA).
Cellular levels of this mRNA, however, rise 50 to 100 times, indicating that
activation also triggers mechanisms that prevent enzymic degradation of the
mRNA. The mRNA is translated in the cytoplasm, by ribosomes of the rough
endoplastic reticulum, into a protein containing 233 amino acids (in humans) and
exhibiting a molecular weight of about 26,000. High levels of glucocorticoid
hormones block TNF-a production by inhibiting both gene transcription and
translation of mRNA into protein®. Recent research indicates that the 26,000
MW “pro-TNF-a” is integrated into the macrophage plasma membrane by the
first (N-terminal) 76 to 79 amino acids, many of which bear hydrophobic side
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chains. The remainder of the protein, which causes the molecule’s biological
effects, projects from the outer cell membrane. This cell-bound form of TNF-«
apparently is responsible for activated macrophage killing of cancer cells on
contact. The biologically active portion of the molecule, consisting of 157 amino
acids (in humans) and exhibiting a molecular weight of 17,000, is then cleaved
from the cell surface by proteolytic enzymes released from lysosomes subsequent
to macrophage activation, associating to form a trimer and resulting in the local
cytokinetic and tumor necrotic effects of the monokine. Systemic macrophage
activation, caused by gram-negative bacteremic endotoxemia results in wide-
spread release of TNF-a, which produces the symptoms of septic shock.”

3.4.1.2. Effects and Functions of TNF-«

TNF-a, along with interleukin-I (IL-I), is a major mediator of the inflammatory
response, mobilizing LRES cells and systemic resources to meet exogenous and
endogenous challenges. Together, these two monokines are mainly responsible
for the macrophage’s central role in resisting microbial invasion and the prolifera-
tion of malignant cells.

Locally, TNF-« acts as a cytokine to kill or inhibit the growth of most cancer
cells, to cause hemorrhagic necrosis of malignant tumors by destroying the blood
vessels that feed them, and to recruit and activate cells that mediate the immune
response. Malignant cell death or growth inhibition follows binding of TNF-a to
specific cell-surface receptors and appears to involve fragmentation of chromo-
somal DNA, but the exact mechanisms of this effect are not yet known. TNF-«
may destroy blood vessels in tumors by essentially the same mechanism that
mediates the hemodynamic aspects of septic shock, but at lower doses of the
monokine. TNF-« causes neutrophils to adhere to endothelial cells in the walls
of blood vessels. Secretion of potent catabolic enzymes by these inflammatory
phagocytic cells damages the vessels, which then become leaky (hemorrhage),
depriving cancer cells of nutrients and leading to their death (necrosis). Low
doses of TNF-«, however, actually cause proliferation of endothelial cells and
formation of new blood vessels in normal tissues. The factor also decreases levels
of thrombomodulin and plasminogen activator while increasing plasminogen
activator inhibitor in endothelial cells, promoting blood coagulation.

In addition, TNF-« increases the quantity of circulating neutrophils and mono-
cytes by causing macrophages, fibroblasts, endothelial cells, and T-lymphocytes
to secrete the colony-stimulating factors (G-CSF, M-CSF, and GM-CSF) that
induce maturation and release of the former cells from bone marrow. The mono-
kine also promotes complement-mediated phagocytosis and intracellular Killing
of microorganisms by neutrophils, entrance of monocytes into tissues, and secre-
tion of IL-I and prostaglandin E, (PGE,) from macrophages. TNF-« synergizes
with IFN-y to activate macrophages and may synergize with IL-2 in the absence
of IFN-y to activate macrophages in humans. It helps modulate the immune
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response by increasing numbers of cell-surface IL-2 receptors on T-lymphocytes,
facilitating the activation of these cells, stimulates secretion of IFN-y by T-
lymphocytes, and inhibits conversion of B-lymphocytes to antibody-secreting
plasma cells.

Systemically, TNF-« acts as a hormone, affecting the functions of target
tissues. It decreases levels of lipoprotein lipase, acetyl CoA carboxylase, and
fatty acid synthetase in adipocytes and otherwise inhibits fat storage by preventing
differentiation of these cells. The factor diminishes muscle function by lowering
the transmembrane potential of myocytes. In liver, it inhibits cytochrome P-450
drug metabolism and albumin synthesis, but stimulates production of acute phase
proteins. It causes bowel necrosis, particularly in the cecum, and delays gastric
emptying. In the central nervous system (CNS), TNF-«, like IL-1, acts as a
pyrogen, inducing the hypothalmus to secrete PGE, and resulting in elevation of
body temperature. Other CNS effects include anorexia, slow-wave sleep, and
stimulation of prolactin and a-melanocyte stimulating hormone secretion by the
anterior pituitary gland. Since the latter hormones are known to inhibit the
immune response, TNF-a may also terminate the inflammatory response through
a negative feedback loop, like IL-1 (via stimulation of corticotropin secretion).
TNF-a also causes inflammatory responses of skin, stimulating production of
collagenase and PGE, by fibroblasts. It promotes wound healing by inducing
fibroblast proliferation. The monokine reduces plasma iron and zinc levels, and
inhibits cartilage proteoglycan and bone formation by promoting resorption and
preventing synthesis of these structures.’’ *****' The effects and functions of
TNF-« are summarized in Figure 3.1.

TNF-« plays a major role in producing the familiar symptoms of infection
(fever, gastritis, constipation, sleep, lethargy, and loss of appetite) and underlying
orchestrated efforts to impede, kill, and eliminate microbial invaders by diverting
the body’s energy and immune resources to the task. Systemic or chronic release
of TNF-« by such disease states as septicemia, cancer, tuberculosis, or AIDS,
however, produces the deleterious, even lethal, conditions of cachexia, bowel
ulceration, and shock.

3.4.1.3. Applications

Because of its varied local and systemic effects, TNF-« is a good example of
why cytokine therapy is problematic. The plasma half-life of TNF-« in humans
is only 15 to 17 minutes.** As a protein, the monokine would be destroyed by
proteases in the gastrointestinal tract and must be administered parenterally. Thus,
it is unlikely that an optimal dose of TNF-«, providing an effective concentration
at the site of a tumor without producing unacceptably adverse reactions after
parenteral administration, can be found. In support of this contention, numerous
preliminary clinical trials of TNF-a administered to cancer patients in this way
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have thus far produced very few positive results. More promising responses have
been seen where the factor can be injected directly into the tumor.”'

More knowledge regarding synergy between TNF-a and other cytokines, as
well as other forms of cancer therapy, may make possible effective combination
therapy using nontoxic doses of TNF-«. Targeted delivery modalities may also
overcome the problems associated with TNF-a administration. For instance,
incorporation of 26 kDa TNF-« into the surfaces of liposomes covalently coupled
to monoclonal antibodies specific for unique proteins (antigens) found on the
surfaces of malignant cells may produce targeted artificial macrophages for cancer
therapy. Recent evidence that additional microbial or tumor and host factors are
required to produce TNF-a—induced hemorrhagic necrosis and shock > suggests
that ways can be found to administer therapeutic doses of pure recombinant TNF-
« without producing deleterious side effects.

3.4.2. TNF-8 (Lymphotoxin)

TNF-8, a protein closely related to TNF-e, is produced by activated T-lympho-
cytes. The process of T-lymphocyte activation is much different from that of
macrophage activation, involving presentation of protein antigen fragments by
certain cells. The fragments must be associated with cell-surface proteins known
as histocompatibility antigens. In addition, lymphokines such as IL-2 are required
for activation. (For a review of how T-lymphocytes recognize antigen, see refer-
ence 9.)

Although TNF-8 shows only a 30% homology with TNF-a, meaning that
three-tenths of the amino acid sequences in both molecules are identical, TNF-
a sequences that are highly conserved among species (implying that these regions
are responsible for the protein’s biological activities) are also present in TNF-S3.
The physiological effects of the two proteins are largely the same, but the dose—
response differs. This functional similarity derives from the fact that both factors
bind to the same cell-surface receptor, but with different affinities.’* “~*

3.5. Future Prospects

The therapeutic applications of lymphokines and monokines illustrate all the
problems inherent in the pharmaceutical uses of protein biological response
modifiers. Virtually impossible without recombinant DNA technology, such a
course provides unprecedented challenges to human ingenuity. Cytokines are
short-range effectors that are often rapidly destroyed within millimeters of their
origin. Because of this spatial limitation, finely modulated effects involving
complex cellular responses to low doses of multiple cytokines have evolved in
higher animals. Some effectors, such as IL-I and TNF-«, possess distinct func-
tions as cytokines and hormones. Thus, the pharmacology of the lymphokines
and monokines is daunting and will require expansion of the boundaries of
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pharmaceutical science, involving especially questions of stability, delivery, and
pharmacokinetics.

Reflecting these realities, IFN-« is the most successful of these agents so far,
mainly because its antiviral effects predominate at pharmacological doses. The
colony-stimulating factors also appear promising because their functions are long-
range, involving communication between sites of infection and bone marrow. IL-
I, IL-2, and TNF-« are the most problematic, requiring imaginative approaches to
targeting. The problems and their possible solutions are exemplified by the severe
adverse effects caused by a need to infuse large quantities of IL-2 into cancer
patients to overcome the extremely short half-life of the lymphokine in vivo and
genetically engineering tumor-infiltrating lymphocytes (TILs) to secrete large
quantities of TNF-a.

3.6. Perspectives

It is becoming apparent that new cytokines, lymphokines, and monokines will be
identified in the near future. For example, a pentapeptide, methionine enkephalin
(MEK, derived from its prohormone, proenkephalin-A, found in T helper cells
and macrophages), has recently been identified to have lymphokine-monokine
actions. These include the activation of T cell subsets, NK-K-LAK cells, as well
as IL-2 and INF-y. Preliminary clinical studies indicate that MEK may have
beneficial effects in AIDS and cancer patients.* Future clinical studies will
probably include combinations of the lymphokines and monokines. Already
combinations with chemotherapeutic agents in the treatment of cancer patients
are in progress.*’ As our knowledge base increases, it may be possible to consider
combinations with antiinfective agents. Clinical trials are currently in progress
testing combinations with antiviral agents in the treatment of AIDS patients.*
From the preceding discussion, the identification and isolation of new lympho-
kines and monokines with more specific effects on the cells of the immune system
is envisioned.
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Analytical Methods in Biotechnology
R. J. Prankerd and S. G. Schulman

4.1. Introduction

Advanced biotechnology is inextricably linked to analytical chemistry. Not only
is it necessary to verify the identities and purities of the products of recombinant
DNA (rDNA) technology, but it is also essential to be able to detect and quantify
these substances, their decomposition products, and their metabolites (when they
are used as pharmacons), at trace concentrations. In this chapter we shall consider
some of the modern analytical methodology used for the detection and determina-
tion of the products of the “new” biotechnology.

Because the pharmaceutically significant products of rDNA technology are
almost invariably polypeptides, the chemistry and instrumentation discussed
herein will, in the interests of brevity, be confined to those analytical tools
particularly relevant to peptide and protein chemistry. There is no intention of
focusing on the polynucleotides and nucleic acids, which are the machinery of
biotechnology. However, the analytical methods described here are often applica-
ble to them, because their polymeric nature is in common with peptides and
proteins. Much of the pertinent analytical methodology is relevant only to the
analysis of large thermo- and hydrolytically labile molecules. Space does not
permit a review of all analytical techniques of possible interest. Some, such as
direct spectrophotometry or fluorometry, which by themselves are of very limited
use in the complex mixtures that must be dealt with in biotechnology and the
applications of its products, are not considered here except in so far as they are
linked to the techniques that are of considerable utility in this context. Rather,
the focus will be on separation, immunoanalytical, and chiral methods which
account for the bulk of the analytical methodology in current use in advanced
biotechnology. The reader seeking a more extensive description of these, as well
as the peripheral analytical methods, is referred to the recent excellent texts by
Willard et al.,' Snyder and Kirkland,” Christian and O’Reilly,” and Skoog.*
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Early quantitative analysis of biologicals, biopolymers, endotoxins and other
pharmaceuticals (such as antibiotics) relied on biological assays using cell cul-
tures, isolated organ baths, or whole animals. These bioassays are expensive,
labor intensive, and cumbersome and give results with considerable variability.
However, they have the undeniable advantage of measuring the one property that
the product is intended to have: a biological or pharmacological effect. This is
especially important in view of the fact that the product may be either a heteroge-
neous mixture of several components with differing activities, or else a very
potent active species, inseparably associated to a slightly greater or lesser extent
with a large amount of inert material. Hence, bioassays are still of considerable
importance and potency is conventionally reported in terms of units of activity per
mass or amount of the product. Conversely, quantitative instrumental analytical
techniques measure properties that are directly related to the molar amount of the
product and which are hoped to be proportional to the biological potency of the
product. This is not necessarily the case, particularly for proteins which have
delicate tertiary or quaternary structure and can unfold or aggregate to an extent
that may not be readily controlled. The requirements for the validation of analyti-
cal methodology need to be as rigorous as possible so that biological potency can
be inferred with confidence from analyses based on physicochemical properties.
In vitro methods based on the physiological processes that involve the biopoly-
mers of interest are expected, a priori, to be more likely to reflect their biological
potency. These include affinity chromatography and immunological methods.
The correlation of pharmacological effect with the physicochemical properties of
biopolymers is the major challenge facing practical instrumental analysis of IDNA
biotechnology products.

4.2. Chromatography

A variety of chromatographic methods have been applied to the qualitative and
quantitative analysis of peptides and proteins. Because of the low volatility of
protein and peptide analytes, gas chromatographic methods are of limited use
unless additional derivatization steps are performed. In principle, supercritical
fluid chromatography could be applied to the analysis of peptides and proteins.
The vast majority of chromatographic applications for peptides and proteins use
either high- or low-pressure liquids as mobile phases. The present discussion will
be mainly confined to high-performance liquid chromatography (HPLC). Liquid
chromatographic separation methods are usually specific for small organic drug
molecules and elution conditions can be manipulated to give good resolution of
one analyte from other compounds of similar structure. Peptides comprising up
to 10 to 15 amino acids can be regarded as behaving similarly to small drug
molecules. However, it has been hypothesized that the surface contact area
between a protein and the HPLC stationary phase is a very small part of the total
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surface.’ If proteins are modified (either in the primary amino acid sequence or
conformationally) at sites remote from such a specific “adsorption site,” the
modified versions might be expected to coelute with the native protein. For
example, the catalytically active form of an enzyme may coelute with an inactive
form if the active site is remote from the adsorption site. Thus, HPLC analysis
should not be expected a priori to be a reliable means of quantifying the biological
or pharmacological activity of proteins that have pharmaceutical applications. It
should, however, be useful for quantifying the activity of smaller peptides (< 20
amino acids), in the same way as for traditional small drug molecules. HPLC
methods can be applied to studies of the identity, purity, and stability of pharma-
ceutical peptides and proteins.’

4.2.1. Reversed-Phase HPLC

A description of conventional reversed-phase (RP) HPLC is not given here, as
there are many textbook accounts.” ” Reversed-phase chromatographic columns
used in the separation of conventional drugs can also be useful for separating a
wide range of peptides and small proteins.® However, problems are normally
encountered with large proteins, especially those that aggregate in aqueous solu-
tion, either through complexation with metal cations (e.g., zinc insulin) or as a
result of their hydrophobic exterior surfaces.” There are major difficulties of poor
resolution, surface adsorption and unfolding or denaturation of such hydrophobic
proteins when hydroorganic cosolvent mobile phase mixtures are used. A variety
of mobile phases have been used to address this problem, for example, water and
propanol, water and butanol, aqueous acids, aqueous urea or guanidine-HCI,
detergent solutions or a combination of these. Also, hydrophobic proteins may
cause band-broadening problems on silica support phases, for example, from
mixed retention mechanisms (the secondary organic modifiers used in HPLC,
such as tetrahydrofuran, were not found to be useful). These problems have been
addressed by the use of column packings based on polystyrene or polymethacry-
late resins and also by the use of microbore columns. Resin support phases are
more stable than silica to the acidic elution conditions commonly used (e.g.,
dilute trifluoroacetic acid). However, commercially available resin supports are
less rigid than conventional silica supports and are limited in the back pressures
to which they may be subjected. Improved chemical stability of silica supports
to acidic eluants has been achieved by the use of more bulky groups in the bonded
stationary phase.'® Changes in mobile phase composition during gradient runs
can cause protein molecules to unfold or swell and then become trapped within
porous support phases, to be released and eluted in a subsequent gradient run.
Large pore (200300 A) packing materials have been found to be necessary for
protein HPLC, especially for gradient elution. The use of very small silica
particles (<3 um) allowed separation of peptide (¢.g., enkephalins) and protein
(MW 6,500—100,000) mixtures in a few minutes.'' However, the advent of highly
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efficient separations using very small (<1 wm) nonporous particles is expected
to reduce the current reliance on highly porous particles which may trap large
analyte molecules.'® A reduction in internal column diameter is also expected to
lead to improved separations of proteins. However, the reduced flow-rates re-
quired impose increasingly greater demands on the accuracy and stability of the
pumping systems needed for gradient elution.

A further technique for solving the problems of RP separation of large proteins
is hydrophobic interaction chromatography (HIC). This approach is based on the
use of ionic strength control in the salting out of proteins from aqueous phases onto
weakly hydrophobic stationary phases. A salt gradient of decreasing concentration
elutes the analytes in order of increasing hydrophobicity. Commonly used silica
stationary phase supports are too hard for many biopolymers leading to denatur-
ation and irreversible binding. Modified hydrophilic silicas (e.g., dihydroxypro-
poxypropyl-silica) with bonded polyether or polyvinyl alcohol stationary phases
in combination with aqueous salt gradients and additives such as Carbowax 4000
or PEG have demonstrated promise in overcoming these difficulties for the
separation of proteins and also for polynucleotides."

4.2.2. Size Exclusion Chromatography

High-performance size exclusion chromatography (SEC), or gel permeation chro-
matography (GPC), has been developed from the low-pressure (gravity feed)
chromatographic methods first introduced in the 1960s for the purification of
proteins, especially enzymes. This technique separates dissolved solute molecules
based on differences in their sizes, and assuming that the solutes have similar
shapes, based on their molecular weights (MW). The column packing material
is in the form of polysaccharide, silica, or resin beads (usually 10 um diameter)
that are very porous. The pores are of controlled size-range. Depending on the
porosity and tortuosity of the packing, larger molecules enter the pores less readily
than smaller molecules; hence, a smaller column bed volume is available to large
molecules. Consequently, the largest molecules are excluded from the pores
altogether and elute with the solvent front. Medium size molecules migrate more
slowly through the column and smaller molecules migrate very slowly. Several
ranges of pore size are available, from 50 A up to 10,000A. These exclude solutes
with molecular weights ranging from <1,000 g/mol for the smallest pore sizes,
up to ~5 X 10° g/mol for the largest. Detection of eluates is typically by UV
absorption at 220 or 280 nm although other methods are also used.

In addition to preparative applications, SEC columns can be used for the
identification and quantitative analysis of proteins if an authentic sample of the
protein is available. They may also be used for MW estimation of an unidentified
protein if the column is calibrated with a series of molecular weight standards.
For such columns, there will be a MW range for which there is a linear relationship
between log MW and elution volume. Recently, a combination of low-angle laser



Analytical Methods in Biotechnology | 75

light scattering (LALLS) detection in conjunction with a concentration-sensitive
detector (e.g., refractive index, ultraviolet absorption, or fluorescence) was sug-
gested for use with a SEC column to directly estimate the molecular weights of
eluted solutes.'” '* This takes advantage of the capability of light-scattering
methods in determining MW, provided that the molar concentration of the solute
is known. Consequently, precalibration of the SEC column can be avoided. The
determination of molecular size as well as MW from multiangle laser light
scattering has also been reported,'® using a commercially available detector.

Silica can also be used as a SEC packing support phase if the surface is modified
with a hydrophilic bonded phase [e.g., the TSK SW series (Toyo Soda)]. These
have been used for the characterization of a sustained release formulation of
nafarelin (a decapeptide) incorporated into lactide—glycolide copolymer micro-
spheres.'® A TSK 3000SW column was able to retain nafarelin by electrostatic
(coulombic) attraction to residual silanol groups, as well as to determine the
MW distribution of the copolymer microspheres (or their hydrolytic degradation
products) by SEC, using a single mobile phase. The results obtained were equiva-
lent to those obtained by conventional RP-HPLC (for nafarelin) and SEC on
wStyragel columns (for the copolymer). Other commercially available hydrophilic
silica supports (GPC, SOTAPhase) have been used for the separation of plasma
proteins.

4.2.3. Ion-Exchange Chromatography

Ton-exchange (IE) resins based on the modified (sulfonated) cross-linked styrene-
divinylbenzene polymers used in conventional low-pressure column chromatogra-
phy of inorganic and small organic ions have been adapted for use in high-
performance applications by increasing pore sizes, reducing the resin bead diame-
ter, and operating under higher pressures. These may be used for the separation
of peptides and smaller proteins. The analytes are applied to the column in acidic
solution, and may then be eluted isocratically or by using temperature, cosolvent,
pH, or ionic strength gradients.

4.2 .4. Affinity Chromatography

This is a separation method that depends on specific interactions between the
analyte and a complementary group which is covalently bonded to the column
packing. Initially, affinity chromatography was developed as a preparative
method for purification of enzymes and other proteins in the 1970s. More recently,
it has been adapted for quantitative analytical purposes by fusion with HPLC
techniques.'” The method uses solid support phases similar to those used for SEC.
The support phase should have a large specific surface area, large pores, and
hydrophilic properties, as well as being stable and insoluble. The surface of the
support phase is modified with a chemically reactive group, which is then cova-
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lently bonded to a ligand. The ligand, in turn, can interact with a greater or lesser
degree of specificity with the protein or peptide of interest. The interaction is
thermodynamically controlled and is characterized by an equilibrium binding
constant. A spacer group between the support surface and the ligand may also be
necessary to optimize interaction with bulky analytes. After application of a
solution containing the analyte and then washing off any contaminants, the
retained analyte is eluted, either isocratically (as in conventional HPLC) or by
changing the mobile phase composition so that the specific interaction is weakened
or abolished. Compositional changes include alterations in pH or ionic strength
and the addition of organic cosolvents, chaotropes, or a second substance that
binds even more tightly to the ligand thus, displacing the analyte. These changes
may be made as step or continuous gradients. The ligand may be specific for a
group of related analytes (low specificity) or it may be specific for a single
substance (high specificity). The ligand group may be a protein such as protein
A (reversibly binds to immunoglobulins) or it may be a small group such as m-
aminophenylboronic acid (binds at pH 8 to 10 to a variety of diols such as
catechols and sugars, but not at lower pH values).'* '

4.2.5. Two-Dimensional Chromatography

Early two-dimensional chromatographic methods included thin-layer chromatog-
raphy (TLC) separations, in which a complex mixture of analytes was spotted in
one corner of a square TLC plate and developed using one mobile phase. Then
the plate was rotated through 90° and redeveloped using a second mobile phase.
The method was adapted for use in conventional HPLC, in which the term two
dimensional refers to the consecutive use of two different kinds of HPLC column.
These methods are often automated and employ an initial separation of the
mixture into groups of analytes using one type of column [e.g., cation exchange
(separation of cationic from anionic and neutral species)], then separation of the
group of interest into individual analytes using a second column of a different
type (e.g., reversed-phase separation of several catecholamines). The method is
often used for separation of exogenous or endogenous analytes from plasma
samples. Two-dimensional HPLC was recently applied to the peptide mapping
technique.” A mixture of peptides obtained from tryptic digestior. of cellobiohy-
drolase I (Trichoderma reesei) was initially separated using SEC, then nine eluted
fractions were further separated using a RP column. Neither column alone could
give satisfactory resolution of the components of the mixture, but the combination
gave considerably improved resolution. However, analysis by SDS-PAGE
showed that some of the fractions eluted from the two-dimensional separation
system contained more than one peptide.

4.2.6. Primary Amino Acid Sequence of Proteins

The percentage content of each of the amino acids that make up proteins and
peptides is usually determined by complete acid hydrolysis of the protein then
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analysis of the hydrolysate with a dedicated autoanalyzer. The analysis uses ion
exchange separation of the acidic amino acid solution followed by postcolumn
color formation with ninhydrin and absorptiometric detection (440 and 570 nm).
Quantitation is by comparison of peak heights or areas from the sample with
those from a standard hydrolysate of known amino acid composition obtained
under the same experimental conditions. Analyses with greater speed and sensitiv-
ity have been recently achieved using precolumn derivatization with reagents
such as 2,3-naphthalenedialdehyde-cyanide (NDA), o-phthaldialdehyde (OPA),
phenylisothiocyanate (PITC), and 9-fluorenylmethyloxycarbonyl chloride
(FMOC), followed by RP-HPLC and fluorescence detection.”" > However, the
amino acid content is a crude measure of protein identity and purity. A change
of one residue in the amino acid content of a protein is likely to go undetected
by this type of analysis. Of far greater importance to the quality control and purity
analysis of a recombinant protein is the full determination of its primary amino
acid sequence. The methods required for this task are considerably more involved.
A major tool for this purpose is automated Edman degradation” > of the N-
terminal end of the protein, Scheme 1.

Phenylisothiocyanate (PITC) couples with the free amino group to form a
phenylthiocarbamoyl derivative. The first peptide bond in the protein is then
cleaved with anhydrous acid to form a new N-terminus on the protein and a
substituted anilinothiazolinone. The anilinothiazolinone is extracted and treated
with aqueous acid, causing rearrangement to the phenylthiohydantoin (PTH)
derivative of the first amino acid of the original protein sequence. The PTH
derivative can be identified by its retention volume on HPLC or by chemical
ionization mass spectrometry (CIMS).” The remaining protein can then be sub-
jected to further cycles of degradation, leading to identification of the linear
sequence of the first 5 to 15 amino acids. The degradation is not quantitative (30—
70%), and some PTH amino acid derivatives are not stable to the reaction
conditions.

The C-terminal amino acid sequence may also be determined by chemical or
enzymatic degradation procedures.”” Chemical degradation uses reagents such as
ammonium thiocyanate and acetic anhydride, which result in the formation of
thiohydantoin derivatives.”® * These procedures are not as well established as the
Edman procedure for the N-terminus. Enzymatic methods involve the use of
carboxypeptidases.”®

4.2.7. Peptide Mapping

Edman degradation allows identification of the sequence of the first 5 to 30 amino
acids at the N-terminus of the protein and some identification is also possible at
the C-terminus. However, the bulk of the protein sequence remains unknown and
the protein may not be distinguishable from a corresponding one in which a single
amino acid residue is changed. Digestion of the protein with enzymes such as
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trypsin or V8 protease (Staphylococcus aureus) produces a characteristic set
of polypeptides that may be separated by HPLC, gel electrophoresis or two-
dimensional TLC. This powerful technique is called peptide mapping.** ** The
resulting peptides are small enough that careful gradient HPLC analysis will
create a pattern of eluted peaks that is unique to the protein of interest. If a single
amino acid is changed in the protein, the resultant single altered peptide will have
a different elution volume. The peptide maps of the original and altered proteins
will usually be clearly distinguished by the appearance of one new peak and the
loss of a peak from the original map.® The separated peptides may also be isolated
by small scale preparative HPLC in sufficient quantity to be sequenced by Edman
degradation or by “soft ionization” mass spectrometric methods such as liquid
secondary ion mass spectrometry (LSIMS) or plasma desorption mass spectrome-
try (PDMS), especially in conjunction with a tandem double-focusing ion ana-
lyzer.” ** Trypsin digestion cleaves peptide bonds on the C-terminal side of
arginine and lysine residues, and V8 protease cleaves on the C-terminal side of
glutamic acid residues. Other enzymes may also be used. Chemical or radiochemi-
cal labeling of the N- and C-terminal amino acids (e.g., by maleylation and
esterification respectively) followed by tryptic digestion allows isolation and
identification of the N- and C-terminal peptides. Arginine-containing peptides can
be selectively identified by base-catalyzed derivatization with benzoin. Peptides
containing free thiol groups can be located by S-carboxymethylation of the intact
protein with iodoacetic acid (and can be tritiated for scintillation counting),
followed by tryptic digestion. Similarly, the location of disulfide bonds can be
demonstrated by comparing a peptide map of the intact protein with that obtained
after the protein has been treated first with a reducing agent and then trapping
the liberated free thiols by S-carboxymethylation. Reducing agents include 2-
mercaptoethanol and dithiothreitol. Methionine-containing peptides may be iden-
tified by S-oxidation of the protein before mapping.

The separation of the peptides from tryptic or other enzymatic digestion of
proteins is usually performed using gradient elution HPLC. Very accurate pump-
ing systems are required for precise control of the HPLC gradients needed to
obtain reproducible peptide maps. Good column temperature control is also
important. The value of ion-pairing agents in RP-HPL.C of amino acid and peptide
mixtures has also been stressed.™

4.2.8. Glycoproteins

Naturally occurring proteins are often glycosylated with oligosaccharide chains
of 5 to 20 sugars. Glycosylation occurs at amino acid residues such as asparagine,
serine, or threonine. Thus, it is necessary to characterize the types, extent and
sites of glycosylation and to determine if glycosylation is necessary for biological
activity of the protein. Usually, there is a mixture of closely related materials even
if the glycoprotein has only one site of glycosylation [e.g., human interleukin-2
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(microheterogeneous)]. This is due to the fact that although the primary amino
acid sequence of the protein is under genetic control, glycosylation of the protein
is dictated by the type of host cell and the conditions of fermentation. Bacterial
host cells do not produce glycosylated recombinant proteins, whereas mammalian
host cells do. In the case of recombinant tissue plasminogen activator (TPA), it
was necessary to use a mammalian host cell (Chinese hamster ovary) for commer-
cial production as glycosylation is necessary for its biological properties.

Mono- and oligosaccharide characterization by HPLC has always been more
difficult than for many other analytes owing to the following conditions: (1)
normal phase HPLC cannot always resolve a- from S-linked isomers; (2) RP-
HPLC has difficulties with the anionic oligosaccharides that occur naturally in
glycoproteins; (3) separation of anionic oligosaccharides can be performed with
anion-exchange resins, but attempted simultaneous separation of neutral oligosac-
charides gives poor resolution; and (4) UV detection is difficult due to the lack
of a good chromophore.” Approaches used to resolve these difficulties have
included (1) strong anion-exchange chromatography (SAX) in very basic solution,
in which deprotonation of probably one hydroxyl group occurs per sugar molecule
(this allows selective retention on the SAX column as well as detection by
UV absorption); (2) chemical precolumn derivatization of the sugars to permit
separation by RP-HPLC and UV or fluorescence detection; and (3) a combination
of high-pH SAX separation followed by pulsed amperometric detection (Dionex).

Chemical methods for oligosaccharide cleavage (e.g., hydrazinolysis) from
the protein are vigorous, difficult to reproduce and produce chain fragments as
well as intact chains. The use of enzymatic methods such as endoglycosidase H
or glycopeptidase F”' is preferred. These methods are more highly reproducible
than chemical degradation methods and generally give cleavage of complete
chains. Owing to coulombic repulsion, monosaccharides generally have one
ionized site per molecule at pH ~ 13, whereas oligosaccharides have multiple
sites of ionization and are retained more strongly by a SAX column. Therefore,
separation of monosaccharides from oligosaccharides can be achieved with an
increasing sodium acetate gradient on a base eluant of 0.1 to 0.2 M NaOH. In
addition, total monosaccharide analysis can be achieved by SAX chromatography
of the products of acid hydrolysis of the intact protein and of the enzymatically
liberated oligosaccharides. Identification of oligosaccharides has also been per-
formed using “soft jonization” mass spectrometry techniques.’® **

4.3. Gel Electrophoresis

Electrophoretic methods involve the migration of charged particles on a support
such as polyacrylamide gel (in the form of a sheet, slab, or tube) under the
influence of a strong electric field, typically several kilovolts. Proteins can be
identified by comparison of their electrophoretic mobility with those of standards.
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The purity of the protein can be qualitatively monitored by determining the
number of bands produced on analysis. Quantitative analysis is also possible by
visually or optically scanning the density of each band and comparing with
standards, if the band identities are known. Common impurities in proteins
manufactured by recombinant methods include endotoxins, DNA and other pro-
teins from the host cell organism used for the preparation, point mutant proteins
from genetically altered cells after gene-splicing has been performed and degrada-
tion products of the desired product (e.g., from deamidation reactions or proteoly-
sis). The separated bands can be isolated and subjected to further analysis,”
for example, by immunological methods or amino acid sequencing by Edman
degradation or mass spectrometry.

4.3.1. Electrophoresis Techniques

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
very commonly used method for protein characterization. SDS is a strongly active
surfactant that dissociates noncovalently linked protein aggregates and binds to
protein molecules at an approximately constant ratio (1.4 g SDS/g protein). The
resulting complex has an overall negative charge. Thus, separation in an electric
field is solely a function of the molecular size. Assuming similarity of shape, the
size of a protein is proportional to its molecular weight (MW). SDS-PAGE is
thus widely used in the determination of molecular weight when the unknown
protein is concurrently run with MW standards. Disulfide linkages in the protein
can be demonstrated by reduction with mercaptoethanol or dithiothreitol to give
either (1) unfolded proteins that have an apparently higher MW than the unreduced
protein, owing to the change in shape of a protein that has a single polypeptide
chain and intramolecular S—S linkages; or (2) lower MW fragments that are
characteristic of a protein comprising two or more polypeptide chains held to-
gether by disulfide bonds.

The bands separated by SDS-PAGE are visualized by a variety of staining
methods, of which the two most common are Coomassie brilliant blue and silver
stains. Coomassie stain has a 100 to 200 ng absolute sensitivity limit which is
quantifiable by laser densitometry. The silver stain is much more sensitive (0.2 to
2 ng absolute sensitivity limit) than Coomassie stain but not generally quantifiable.
Hence, it is more useful for the detection of very low levels of impurities by
simply examining for the absence of any contaminating bands.

Isoelectric focusing (IEF) is an electrophoretic separation method that is based
on the overall charge balance on a protein. The charge balance results from the
effects of solution pH on amino acid side chains that contain ionizable groups.
The groups may be negatively charged (aspartic acid and glutamic acid) or
positively charged (histidine, lysine, and arginine) when ionized at or near physio-
logical pH. An electric field across a gel containing a series of immobilized
organic ampholyte buffers produces migration of the buffers until they form a pH
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gradient. The same electric field causes slower migration of applied proteins until
each protein reaches the pH on the gradient that corresponds to its isoelectric
point (pH = pl). At the isoelectric point, the net charge on the protein is zero
and it is no longer moved by the electric field. IEF gives rise to very sharp bands
(compared with SDS-PAGE) as thermal diffusion of the analytes during IEF
brings the analyte molecules into regions where pH # pl/ and the electric field
will again induce mobility. Hence, smaller amounts of protein are detected using
Coomassie or silver stains with IEF than with SDS-PAGE. Deamidation of
asparagine and glutamine residues is a common degradation reaction that results
in the formation of proteins with lower isoelectric points. IEF is a useful quality
control method for the detection of this type of degradation. Deamidation results
in a small change in MW that is not detected by SDS-PAGE. For glycosylated
proteins, the relative amounts of cationic (amino) and anionic (sialic acid) sugars
contributes to the isoelectric point. As the exact composition of the oligosaccha-
rides comprising the glycosyl residues is not under genetic control, some variation
is always to be expected. This variation must be controlled as much as possible
during manufacture with recombinant techniques so that other sources of isoelec-
tric point variation such as different amino acid composition from point source
mutation, are not masked. Just as two-dimensional techniques have evolved for
TLC and HPLC, similar combinations have appeared for gel electrophoresis. The
method typically involves initial separation by IEF then a second separation by
SDS-PAGE.”

Gel electrophoretic methods are invaluable for the qualitative and quantitative
characterization of large peptides and proteins of pharmaceutical interest. How-
ever, they are labor intensive and slow (2 hours to 2 days analysis time). This
has led to the recent development of several capillary electrophoretic techniques.

4.4. Capillary Electrophoresis

A variety of electrophoretic methods have been developed for use in open capillary
tubes rather than on traditional gel slabs or tubes.*** Capillary electrophoresis
(CE) methods are much faster than gel electrophoresis as the narrow bore of the
capillary tube (25-100 wm) allows greater heat dissipation: hence, larger voltage
differences (up to 100 kV with forced capillary cooling) and currents (300 pA)
may be used. CE methods can be similar in speed to HPLC and often more
efficient, owing to the very large surface-area-to-volume ratio of the capillary
tube. The efficiency of CE methods can be as high as 500,000 plates/m or more.
They are expected to complement HPLC methods, rather than replace them. The
absolute mass sensitivity of CE is very good (typically picograms, compared with
nanograms for HPLC and micrograms for slab gel electrophoresis) but high
concentrations are needed for normal UV detection as the system volume is very
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small. The applied sample volume may be 1 to 50 nl in a typical capillary
volume of 2 to 5 . Such low sample volumes have provided an incentive to the
development of methods for analysis of the contents of single cells.* Methods
that have been used for sample introduction involve dipping the capillary into an
autosampler vial containing the analyte solution and (1) the use of a hermetic seal
on the vial and time-controlled head pressure application to pump the analyte
solution into the capillary; (2) time-controlled vacuum application to the detector
end of the capillary; and (3) direct electromigration of the analyte (electrokinesis)
under the influence of a low potential difference for a controlled time interval.

In capillary zone electrophoresis (CZE) or free-solution capillary electrophore-
sis (FSCE), ionized solutes migrate as narrow bands or zones in a buffer solution.**
The migration of solutes results from the separation of ions that occurs at the
mobile diffuse layer and the stagnant double layer that exist adjacent to glass or
silica surfaces (usually negatively charged from ionized silanol groups). Net
migration of the solvent by electroosmosis is a result of drag by solvated solutes
and the flow direction is normally toward the cathode. Separation of the solutes
is based on the differences in their electrophoretic mobilities. Chiral additives
can be used to resolve racemic mixtures by diastereomer formation. Isotacho-
phoresis is performed on aqueous solutions of analytes with like charges (e.g.,
a mixture of protonated amines) and has been traditionally performed in capillary
tubes. The solution of charged analytes and their counterions is confined between
two electrolyte solutions, one (the leading electrolyte) containing an ion of the
same charge type as the analytes but of higher mobility than any of them and the
other (the trailing electrolyte) containing an ion of the same charge type but lower
mobility than any of the analytes. Application of the electric field then sorts the
analytes into sharply defined contiguous bands of differing mobilities.

Micellar electrokinetic capillary chromatography (MECC) “ is a particularly
interesting technique, as it permits electrophoretic separation of neutral as well
as ionized molecules. The electrolyte is a micellar detergent solution (e.g., of
SDS) in which the analytes partition to different extents into the charged micelles,
thus, causing differences in their electrophoretic mobilities. Capillary gel electro-
phoresis (separation by a combination of molecular sieving and electrophoretic
mobilities) and capillary isoelectric focusing (separation by differences in isoelec-
tric points) are microscale adaptations of the more traditional slab or tube gel
methods.

Although the developments in CE methods offer considerable potential for the
future, some significant problems remain. Quantitative analysis by CE methods
is imprecise as sample matrix problems cause variations in response. Precise
temperature control of the capillary is important for reproducibility of migration
times.*' Hydrophobic proteins adsorb strongly onto silica capillary walls. There
have been some attempts to minimize this problem in the separation of peptides
and proteins by wall surface modification.*’ Improvements are also needed in
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the methods for precise sample introduction®® *’ and in detector sensitivity.*®
p p y

Developments in detection methods include laser induced fluorescence,* thermal
lensing and electrochemical and mass spectrometric detection.

Although CE methods are not yet established for widespread routine use, there
are already several commercial instruments available that combine at least some of
the aforementioned techniques. They include the P/ACE System 2000 (Beckman
Instruments), Applied Biosystems 270A and the HPE 100 (Bio-Rad) as well as
commercially available power supply and detector modules.

4.5. Immunoanalytical Chemistry

Immunoanalysis has become an integral part of the tools employed in the biotech-
nological revolution.*” * Its ability to distinguish, detect, and quantitate quite
similar substances (e.g., peptides and proteins), in situ, has proven invaluable in
many aspects of biomedical analysis. Analyses of subnanomole quantities of
small and large biopolymers present in biological fluids and fermentation media
which are often unassayable by other methods, have provided scientists and
engineers with much useful information. The relatively low cost and adaptability
to automation of immunoassay, coupled with its sensitivity and specificity, have
made it competitive with chromatographic methods in the analysis of complex
biological samples.

Immunoanalytical methods are based upon the competition that occurs when
a labeled and an unlabeled ligand compete for highly specific binding sites on
antibodies. The evaluation of this competitive binding, accomplished by measur-
ing a physical or chemical property associated with the label, allows the construc-
tion of a calibration curve representing a measured physical signal that is altered
by changes in the concentration of the bound labeled ligand as a function of the
concentration of the unlabeled ligand, the latter being the analyte. Unknown
analyte concentrations are determined from this calibration curve.

Distinction of the signal corresponding to either the bound or free labeled
ligand from that of the total labeled ligand population can be made in two ways.
In most cases it is necessary to carry out a physical separation of the antibody-
bound labeled material from the free labeled analyte. This can be accomplished
by precipitation of the antibody-containing material with a concentrated salt
solution such as ammonium sulfate or a hydrateable organic substance such as
polyethylene glycol. Alternatively (and of great popularity, recently), solid phase
extraction is possible. In the latter approach, analyte, labeled ligand, or antibody
is covalently attached to a solid surface such as glass or plastic beads, a tube
wall, or a dip stick and then reaction between substances in the liquid phase with
those immobilized on the solid phase provides the basis for physical separation.
These methods are known as heterogeneous immunoassays and are required when
there is no way to distinguish, in situ, between the physical signals derived from
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bound and free labeled ligand, as in the case of radioactivity, which is unaffected
by the chemical environment and yet provides the measurable physical signal in
radioimmunoassay. Also, many immunoassay methods in which the label is an
enzyme, such as enzyme-linked immunosorbent assay (ELISA), are heteroge-
neous.

Homogeneous immunoassays make up the second category in which physical
separation of the bound from the free labeled ligand is not required. Signals that
are different for the bound and free labeled ligands are obtained in situ. The
signal producing species may be derived enzymatically when the label is an
enzyme whose rate of reaction with a labeled substrate is reduced by complexation
of the labeled ligand with an antibody or the label can be a fluorophore, a
chromophore or a chromophore subject to induced chirality upon complexation
with a protein. Here, environmental effects can lead to signal modification. For
example, induced circular dichroism resulting from the electronic interaction
associated with labeled ligand binding to immunoglobulin protein can be moni-
tored with a spectropolarimeter. Alternatively, the complexation of a fluorescent
label resulting in its incorporation into an antibody binding site may quench or
enhance its fluorescence relative to that it demonstrated in aqueous solution.
Fluorescence immunoassays account for the majority of homogeneous immunoas-
says in use today. Homogeneous immunoassay offers several advantages over
heterogeneous analysis. Since no separation is involved in homogeneous immu-
noanalysis, this approach is more economical of time and materials. Additionally,
errors due to sample loss in the separation aspect of the heterogeneous approach
are minimized.

4.5.1. Analytical Aspects of the Immune Response

Analytes that can function as ligands in immunochemical reactions fall into that
class of substances known as antigens. An antigen is any substance capable of
reacting with an antibody. However, molecules of MW < 10,000 are not capable
of inducing antibody formation (i.e., functioning as immunogens). Therefore, all
immunogens are antigens, although antigens may or may not be immunogens.
Antigen—antibody reactions are so specific that an antibody will usually react
only with the immunogen that caused its formation or with molecules that are
very similar structurally. Reaction with the latter is called cross reactivity and is
a potential source of interference in immunoanalysis.

Antibodies are immunoglobulin-type proteins produced in mammalian blood in
response to invasion by foreign immunogens. Immunogens are usually naturally
occurring macromolecules (e.g., proteins, polysaccharides, nucleic acids) or
microorganisms containing such molecules on their outer surfaces. The antibodies
developed in response to those molecules or particles will recognize and bind
only a small portion of the antigen. Antibody specificity usually involves not
more than six to seven amino acid residues of the large protein structure.”' The
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failure of antigens with molecular weights of less than 1 X 10° to elicit antibody
production presents problems for the acquisition of antibodies directed against
drugs that are to be analyzed by immunoassay procedures since drugs, including
most peptides derived from biotechnology, usually have molecular weights much
lower than 1 X 10°,

Investigations performed by Landsteiner determined that an immunoresponse
could be elicited from a mammal by small molecules (haptens) if they were
coupled to macromolecules of MW > 1 x 10*.** The antibodies produced may
react with the hapten even when it is not coupled to a carrier macromolecule. It
is often more difficult to induce antibody production with hapten—carrier conju-
gates than with naturally immunogenic macromolecules and the conjugation site
must be carefully chosen to maximize exposure of the hapten molecule. More-
over, haptens such as drugs that undergo biotransformation to inactive metabolites
should be coupled to carrier molecules in such a way that those portions of
the molecules subject to metabolic change are spatially available for the initial
immunochemical antigenic recognition process. This reduces the cross-reactivity
to the metabolites of the antibodies produced. In modern immunochemistry
human and bovine serum albumins, synthetic peptides such as polylysine, and a
number of polysaccharides have been used as immunogenic carriers for small
drug molecules.

4.5.2. Hapten—Carrier Coupling

Coupling of the drug of interest to the macromolecular carrier is usually effected
through derivatized carboxy-, amino-, hydroxy- or sulfhydryl groups on the
hapten or the carrier. Occasionally a bridging group such as a carbodiimide is
used to join the drug and the carrier. This often improves the specificity for the
hapten of the antibodies produced. Once produced, different members of the
heterogeneous population of antibodies may recognize parts of the carrier and the
bridging molecule along with sites present on the hapten itself. This is a conse-
quence of a lack of antibody uniformity and gives rise to various degrees of
specificity for the hapten among the antibody population. Since antibodies pro-
duced in vivo are not isolated as chemically distinct species and their compositions
and distributions are generally unknown, quantitative descriptions of immunore-
actions in terms of simple competitive equilibria are not rigorous but have been
dealt with in the literature as if this were the case.

4.5.3. Detection of Immunoreaction

Most immunoassays currently employed in the biomedical field are either radioim-
munoassays, enzyme multiplied immunoassays, or luminescence immunoassays
(including fluorescence immunoassay and chemiluminescence immunoassay).
Radioimmunoassay, which is based on the scintillation counting of radioisotopi-
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cally labeled ligands displaced from antibodies by the unlabeled material of
analytical interest is historically the first kind of immunoassay and is currently
the most sensitive. Concentrations of 107"? to 107> M are often detectable.
Because of the problems inherent to dealing with radioactive materials, such as
licensing, radiation hazard, short shelf life of expensive radioisotopes, the ex-
pense of the counting equipment and the tedium associated with heterogeneous
immunoassay, it has fallen in popularity behind the nonisotopic methods of
analysis.

In the enzyme multiplied immunoassay techniques (EMIT), the antigen or
antibody is labeled with an enzyme (e.g., lysozyme, alkaline phosphatase, horse-
radish peroxidase, or glucose-6-phosphate dehydrogenase) instead of a radioiso-
tope. For example, an alkaline phosphatase—labeled drug can be made to compete
with an unlabeled drug for binding sites on a drug-directed antibody. Owing to
steric inhibition of the enzyme by the antibodies, when the enzyme-labeled drug
is bound to the antibody the enzyme will lose its activity (ability to hydrolyze
phosphates). However, the free enzyme—labeled drug retains its enzymatic activ-
ity. If a potentially absorbing or fluorescing organic phosphate whose optical
properties are altered by the condition of esterification by phosphate is put into
the solution containing the enzyme-labeled drug, drug-directed antibody, and
unlabeled drug, only that fraction of the labeled drug population not bound to the
antibody will be capable of hydrolyzing the phosphate ester and thereby generat-
ing the absorption or fluorescence spectrum of the hydrolysis products. Moreover,
the amount of absorptiometrically or fluorimetrically measured, hydrolyzed mate-
rial will depend upon the concentration of unlabeled drug added to the test
solution, as it is this concentration that ultimately determines how much enzymic
activity is released to the solution. Commercial EMIT kits based upon absorptio-
metric (colorimetric) estimation of enzymatically oxidized NADH to quantitate
a variety of drugs have been popular for over a decade. The sensitivity is not
especially high, drug concentrations down to about 0.5 uM being detectable.
The measurement of the light emitted by a fluorescent or chemiluminescent
enzyme substrate is capable of extending the limits of detection of the analyte
down to 1077 to 107 M with conventional arc lamp excitation and down to
perhaps 10™"° M with laser excitation.”

Fluorescence immunoassay (FIA) involves the measurement of the fluores-
cence of a luminescent label that is part of a competitive immunochemical
binding system and whose spectral position, intensity, and polarization vary with
differences in the concentrations of the analyte. Fluorescent labels are used in
homogeneous and heterogeneous immunoassay systems and may be bound to
antigens, antibodies, or solid phases, or they may exist free in solution as enzyme
substrates.

A fluorescent label to be used in homogeneous immunoanalysis should fulfill
several requirements. Since the fluorescence signal must be measured in a serum
matrix, the probe should have a high fluorescence quantum yield and the excitation
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and emission maxima of the probe should occur at wavelengths longer than those
of the serum. Excitation spectra of dilute serum show excitation maxima at 280
and 340 nm. Serum fluoresces at 348 nm and weakly at 520 nm. A fluorescent
label useful for in situ measurements in serum should be excited at wavelengths
longer than about 400 nm and should fluoresce at wavelengths longer than about
450 nm.

To date the most popular fluorescent labels for FIA have been those derived
from the long-wavelength, strongly emitting xanthene dyes fluorescein and rhoda-
mine B. The isothiocyanates or isocyanates of these fluorophores can be used to
label primary and secondary aliphatic amines in aqueous solutions by simple
chemistry under ambient conditions. Consequently, they can be used to label
antibiotics or polypeptides. Even those drugs that do not have indigenous alkyl-
amino groups can often be labeled by introducing bridging groups (e.g., aminoe-
thyl) that are amenable to coupling with the isothiocyanato or isocyanato func-
tions.

Heterogeneous fluorescence immunoassays can be carried out with the aid of
the same separation procedures used in radioimmunoassay. The more expedient
homogeneous fluorescence immunoassays usually require quenching, enhance-
ment, or shifting of the fluorescence of the label on binding of the labeled drug
to its antibody. Occasionally, a second antibody, directed at the drug-directed
antibody, will be used in a “double-antibody” method to precipitate the bound
labeled and unlabeled drug or to alter the optical properties of the label in such
a way as to make the analysis more sensitive.*

Homogeneous fluorescence immunoassays can often be effected even when
there is no obvious change in the intensity or spectral position of fluorescence of
the label upon binding to the antibody. If light-polarizing polymer films or crystals
are used to polarize the exciting light and analyze the fluorescence of the sample
excited by polarized light, it will generally be observed that the amount of
fluorescence reaching the detector will be considerably smaller in those samples
where a greater amount of antibody binding occurs. This is a result of the higher
degree of polarized fluorescence emitted from the labels affixed to the large,
slowly rotating antibody. The polarized emission is more efficiently attenuated
by the analyzer polarizing film than the unpolarized light emitted by the rapidly
rotating, relatively small labeled drug molecules that are not bound to macromole-
cules. This phenomenon forms the basis of fluorescence polarization immunoas-
say. The increase in fluorescence intensity measured with increasing unlabeled
drug (analyte) added occurs as a result of the liberation of the labeled drug
from the antibody with attendant fluorescence depolarization and can be used to
construct a calibration curve from which the concentrations of unknown drug
samples can be determined when their polarized fluorescences are measured.
Fluorescence polarization immunoassay probably accounts for a majority of
fluorescent immunoassays currently performed.

Chemiluminescence immunoassay,” a technique that is rapidly gaining popu-
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larity because its sensitivity is comparable to that of radioimmunoassay is, in a
sense, a variation of fluorescence immunoassay. Chemiluminescence (also called
bioluminescence when it occurs in fireflies, some dinoflagellates, coelenterates,
and fungi) is fluorescence. However, what is usually termed fluorescence is light
emission that is activated by prior light absorption by the emitting molecule. This
is properly termed photofluorescence or photoluminescence. Chemiluminescence
occurs in the oxidation products of some highly strained, highly reduced mole-
cules (e.g., peroxyoxalate esters and amino-substituted cyclic hydrazides of
phthalic acid). Oxidation results in intermediates possessing such great quantities
of thermal energy from the reaction that they spontaneously (without photoexcita-
tion) become electronically excited and subsequently fluoresce as a means of
achieving the state of lowest energy. The oxidations are frequently catalyzed
by metal ions and occur at appreciable rates only when the precursors of the
chemiluminescent species (the labels) are freely diffusible in solution (i.e., they
will not generate light rapidly when bound to antibodies or perhaps prior to release
in an enzymic reaction). In this sense they are analogous to many of the fluorescent
labels. However, photofluorescence analysis entails the measurement of light
emitted by a fraction of an even smaller portion of molecules absorbing light for
an instant. In chemiluminescence it is possible to gather and integrate the light
output associated with the chemiluminescent reaction over the entire course of
the reaction. Consequently, very low detection limits can be attained if the
luminescence efficiency of the chemiluminescent reaction is reasonably good
(say, > 0.1) Unfortunately, very few chemiluminescent reactions have high
luminescence efficiencies, so that the choice of labels is much more restricted
than in fluorescent immunoassay. However, chemiluminescence immunoassay is
a field whose popularity is increasing, and this may inspire the discovery of new
labels.

4.6. Optical Rotatory Dispersion and Circular Dichroism

The electronic structures of peptides and proteins give rise to UV absorption
spectra. These spectra result from absorption of radiation by the peptide bonds
(far UV; 190-240 nm) forming the protein backbone, and by the aromatic side
chains of tyrosine, phenyalanine, and tryptophan (near UV; 250-295 nm). These
absorption bands can be used for both qualitative and quantitative analysis. As
most other methods of quantitative analysis tend to be more sensitive than UV
methods, the qualitative aspects of absorption spectra tend to be more important.
In particular, structural aspects of protein molecules can be studied by a variety
of spectral methods (e.g., second order and difference spectra). The use of these
methods has been facilitated by the advent of computer-controlled diode array
spectrophotometers, which can obtain spectral data rapidly, store it on magnetic
media and subsequently, perform numerical manipulation of the data.
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Optical rotatory dispersion (ORD) and circular dichroism (CD) are spectro-
scopic methods of analysis that are derived from the ability of certain asymmetric
molecules to alter the plane of polarization of incident light. These phenomena
are related to light absorption (which gives rise to ultraviolet and visible spectro-
photometry) and light scattering in that they arise from the alteration of molecular
electronic motion. However, they are rather more complicated than absorption
or simple dispersion phenomena. On the molecular level, ORD and CD derive
from the weak abilities of the magnetic field associated with light to induce
electronic polarization and the electric field of light to induce magnetic polariza-
tion in the electronic structures of molecules that lack a plane of symmetry. These
subjects are of interest here because virtually all peptides and proteins lack a
plane of symmetry and therefore demonstrate optical activity (i.e., give rise to
ORD or CD spectra or both). Furthermore, small molecules that do have a plane
of symmetry often will exhibit ORD or CD upon binding to a peptide or protein
because the electronic structures of the ligand and ligate become intermingled.

Optical rotatory dispersion arises from the scattering or instantaneous absorp-
tion and reemission of polarized light by asymmetric molecules. It is manifested
as a rotation of the plane of the incident polarized light by an angle («) that varies
with the wavelength (M) of the polarized light. The intensity of optical rotation
for a dissolved asymmetric solute is expressed as a function [«] (specific rotation)
of the observed rotation « and is given by

o =1

Ic

where C is the concentration of the optically active solute in grams per 100 ml
of solvent, [ is the optical path in decimeters, and the indices ¢ and A refer to
Celsius temperature and the wavelength of the incident light, both of which
influence [a]. A plot of [«] against A is called an ORD spectrum. Alternatively,
rotatory power for different compounds may be expressed as the molecular
rotation [¢]:

a MW
6] =~z

where MW is the molecular weight of the compound of interest. If the asymmetric
molecule demonstrating ORD does not absorb light in the spectral range over
which the ORD experiment is carried out, the ORD spectrum will demonstrate a
gradual and continuous increase or decrease (depending on the absolute molecular
configuration) of [a] with A. This kind of spectrum is said to be a “plain curve.”
On the other hand, if the asymmetric analyte contains a chromophore that is
responsible for light absorption in the spectral region of interest, the ORD spec-
trum will show a maximum and a minimum in the spectral region of each
absorption band. The order of the maxima and minima (whether the maximum
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or minimum occurs at longer wavelengths) is a function of the absolute configura-
tion of the solute, and the ORD spectrum is then said to exhibit a “Cotton effect.”

Compounds that absorb light and are optically active may also demonstrate
circular dichroism, which is differential absorptivity for enantiomers of opposite
absolute configuration. Because the light emerging from a sample demonstrating
circular dichroism is elliptically polarized rather than linearly polarized,” the
measured differential absorbance of the absorbing sample is called the molecular
ellipticity, [®]. A plot of [@] against A is called a CD spectrum and consists of
peaks (positive bands) or troughs (negative bands) at the same wavelengths as
bands in the absorption spectrum and no features at all in spectral regions where
no absorption occurs. Whether a peak or trough is observed in the vicinity of an
optically active absorption band depends upon the absolute configuration of the
analyte, or if a mixture, on which isomer is predominant.

ORD and CD can both be used for the detection and quantitation of peptides and
proteins with sensitivity limits approximating those of conventional absorption
spectrophotometry (i.e., down to about 107°~10~° M). However, they are used
far more often as the best means of establishing the absolute configuration of
chiral compounds than for their quantitative analysis. The secondary and tertiary
structure of proteins have effects on absorption spectra that are particularly
apparent in CD spectra. The backbone of the protein comprises three structural
types: a-helix, B-pleated sheet, and random coil. Each of these types exhibits
CD spectra with different features. Analysis of the wavelength maxima and the
intensities of the positive and negative bands in a CD spectrum is used to estimate
the percentage of the protein that exists in each of the three configurations. This
method can demonstrate the close similarity of configuration for the same protein
from different origins, for example, for human and porcine insulin,” pituitary
and recombinant human growth hormone™ and human, equine and porcine pro-
lactin.® ORD and CD spectra are also very useful in studies of the interactions
in solution of small molecules with biopolymers such as proteins and poly-
nucleotides.®'

4.7. Mass Spectrometry

The high sensitivity and selectivity of mass spectrometric (MS) techniques have
been exploited to a great extent in the qualitative and quantitative analysis of
peptides and proteins in general.” ** Such exploitation will continue in the
study of genetically engineered products with the increasing availability and
sophistication of commercial instrumentation. Early MS studies on peptides and
proteins were limited by the low volatility of the analytes and the vigorous
electron impact and chemical ionization methods available. Low analyte volatility
was addressed with numerous methods for chemical derivatization, especially
in the use of coupled gas chromatography-MS (GC-MS). The value of gas



92 /| R. J. Prankerd and S. G. Schulman

chromatographic separation of analytes prior to MS detection led to similar
attempts at combining liquid chromatography with MS (LC-MS). These have
not been so successful, although the development of novel moving belt, ther-
mospray, and microbore continuous-flow interfaces holds promise for future
studies of proteins and peptides.®

The advent of sophisticated ionization methods such as plasma desorption MS
(PDMS) and liquid secondary ion MS (LSIMS) and of new ion analyzers (e.g.,
tandem double-focusing mass spectrometry [MS-MS])* has been responsible for
major advances in the detection and characterization of native proteins and
peptides. These methods are also invaluable for the characterization of the prod-
ucts of chemical modification of peptides, €.g., enkephalins® and endorphins.®
In LSIMS, the analyte is dissolved in a polar liquid such as glycerol, thioglycerol,
aminoglycerol, diethanolamine, or nitrobenzene® and bombarded with an ener-
getic beam of either neutral or charged particles. A high yield of molecular ion
clusters is formed in the first few layers of the liquid matrix (“sputtering”). Critical
factors in LSIMS include the nature of the liquid matrix and the incident beam
energy (typically in the keV range). PDMS is similar to LSIMS except that the
analyte is deposited in solid form on an inert probe and the incident beam energy
is very high (typically in the MeV range). These advanced methods have been
responsible for a continued increase in the upper limit of molecular ion mass range
such that the MW of small proteins (4,000-16,000) can be readily determined to
an accuracy of 0.3 with LSIMS-MSMS combinations. Larger proteins (MW
16,000-25,000) have been determined by similar methods, giving MW data
with an accuracy of several fold. For polypeptides (<4,000), the accuracy and
versatility of these techniques are able to provide direct evidence for both the
amino acid composition and the amino acid sequence. This can permit indepen-
dent verification of the results of Edman degradation studies of the products of
proteolytic digests. The location of sites of glycosylation and the identification
of the oligosaccharide chains have been performed with LSIMS, for example,
for recombinant human interferon-B expressed by Chinese hamster ovary cells.’

The chief limitation of LSIMS is its relative insensitivity, owing to “chemical
noise” from the liquid matrices. Molecular ion clusters may not be observed at
all, depending on the matrix. The combination of LSIMS with MS—MS has been
vital in reducing this limitation although at the cost of substantially increased
capital outlay. Further interdisciplinary research aimed at understanding the fac-
tors controlling secondary ion formation at liquid surfaces was recognized as
essential for obtaining sequence data from picomole amounts of biopolymers.*
A further limitation of secondary ion methods is that some peptides are not readily
ejected as ion clusters from the liquid or solid matrix surface, compared with
others. Expected significant developments in techniques for biotechnologically
related applications include the increased use of Fourier transform ion cyclotron
resonance analyzers and improved thermospray coupling of HPLC with MS—
MS.%
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The Impact of Biotechnology on
Analytical Methodology

John F. Fitzloff

5.1. Introduction

What is encompassed by the term biotechnology products? In terms of numbers,
proteins and peptides predominate. This includes enzymes, antibodies, receptors,
structural proteins, hormones (including an increasing number of cell growth
factors), and carrier or transport proteins. Second are the poly- and oligonucleo-
tides, the primary information carriers of molecular biology. From a pharmaceuti-
cal point of view they are the “reagents” needed to produce the proteins and
peptides for therapy, but they also can be considered therapeutic agents, being
polymeric extensions of the nucleotides and nucleosides already used in therapy.
Third are the poly- and oligosaccharides, either alone or as part of glycoproteins.
Usually thought of as playing only a structural role, polysaccharides are now
recognized to have additional functions. Last, there are cells and organisms that
have been genetically altered. As with all new pharmaceutical products, new
products derived through biotechnology require characterization.

Like most areas of science, in the pharmaceutical industry there was previous
experience with similar types of products and processes. Fermentation to obtain
antibiotics, the preparation of bacterial and viral vaccines, and the isolation and
purification of vitamins and industrial enzymes are examples of biotechnology
that predated the common use of the term. Although fermentation was used earlier
in the food industry, the pharmaceutical industry was first in using genetic
manipulation for improving the yield of its products. This occurred because of
the relative ease with which microbial organisms could be modified genetically
and the research support for health-related products.

The impact of biotechnology on analysis can be subdivided into two parts: (1)
the use of biotechnology-derived products as analytical tools and components in
analytical systems, and (2) the improvement of existing methods and the invention
of new analytical systems to provide the necessary specificity and sensitivity for
quality control of biotechnology products and their production processes.' This
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chapter will briefly discuss these two areas and give some examples of the current
status of analytical biotechnology with regard to peptides and proteins, poly- and
oligonucleotides, and poly- and oligosaccharides.

5.2. Biotechnology Products as Analytical Tools

5.2.1. Evolution of Immunoassays

The beginnings of biotechnology products as analytical reagents can be attributed
to the success of Berson and Yalow in developing the radioimmunoassay of
insulin, for which Rosalind Yalow shared the Nobel Prize in medicine in 1977.
This technique was expanded to include smaller molecules, by covalently linking
them to antigenic macromolecules and producing polyclonal antibodies that would
bind only the small molecule. The major drawback of this methodology was
cross-reactivity with structurally related compounds. This was particularly trou-
blesome in the quantitation of therapeutic drugs, where inactive or less active
metabolites interfered. This problem has essentially been eliminated by the pro-
duction of monoclonal antibodies (MAbs; see Chapter 2 for a discussion of the
production and characterization of antibodies). The number of methods based on
MAbs are continuing to increase and include such innovations as fluorescence
polarization immunoassays (FPIA)—which are most sensitive for low concentra-
tions of analyte (antigen)—and immunochromatography, in which the analyte
releases an enzyme-labeled antigen as it moves through the chromatographic
matrix, allowing the enzyme to catalyze a reaction producing a chromogen (the
height of the “color bar” is proportional to the analyte concentration). This latter
method allows direct visual reading of the result.> A thorough review of enzyme
immunoassays (EIA) has been published that presents good examples of improve-
ments in the technique.3 For instance, in 1972 a “sandwich” EIA for human
chorionic gonadotropin (hCG) required an incubation of 4.5 hours, whereas in
1986 a radial partition EIA for hCG had a total run time of only 8 minutes.
Several of the current immunoassay techniques are reviewed in this volume (see
Chapter 4).

5.2.2. Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a technique widely used in biotechnology.
Although this technique uses biotechnology products and involves several analyti-
cal methods, it per se is not an analytical method. The essence of the technique
is to incubate DNA polymerase, two oligonucleotide primers, and a small amount
of some genomic or cloned DNA. The target DNA is produced rapidly (e.g., up
to 10°-fold increase in 3 hours). Some applications for target DNAs produced
include direct sequencing, genomic cloning, and site-directed mutagenesis. Uses
that are analytical include DNA typing for prenatal genetic disease or forensic
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evidence, detection of infectious microorganisms, and interpretation of allelic
variations. Once obtained, the first process for the target DNA is purification,
usually by gel electrophoresis. This and other methods will be discussed below.
Because of its increasing use, PCR has been largely automated and is now linked
to anion-exchange HPLC for purification.*

5.2.3. DNA Hybridization Assay

The DNA hybridization assay, or dot blot assay, is used primarily to determine
trace amounts of TDNA in recombinant protein products. However, it is also
useful for detecting DNAs from viruses, mycoplasms, bacteria, and fungi that
may be contaminating biotechnology products. It is a very sensitive assay with
detection limits at the femtogram (10™ ") level. The hybridization, between the
sample DNA and *’P-labeled DNA probes, is accomplished on a nitrocellulose
matrix. The matrix is exposed to X-ray film and the resultant autoradiograph is
compared with one with a concentration series of DNA standards.”

5.3. Analytical Demands of Biotechnology Products
5.3.1. Characterization of Biotechnology Products

The use of antibodies has now come full circle as MAbs themselves are being
used as therapeutic agents, and this requires that they be rigorously characterized.
The analytical problem of biotechnology-derived products such as MAbs is the
second issue of this chapter. The specificity engendered by MAbs, posttransla-
tional modified protein, genetically altered stem cells, or other “biotechnology
products” demands that during their production, and particularly in their final
form, a level of quality control be exerted that exceeds that for most small organic
drug products. Proteins in particular represent an analytical challenge. Those
resulting from recombinant DNA (rDNA), even though their production may be
amplified (20% or more of the total soluble expressed protein from bacterial hosts
and 3 to 5% from yeast hosts), require high-efficiency separations. It is necessary
at this point to remove proteins that differ by one or two amino acids, as a result
of expression errors or chemical changes, such as oxidation or hydrolysis that
may occur postexpression during processing.® Such separations depend on the
mainstays of protein and peptide separation and characterization, chromatography
and electrophoresis (see Chapter 4, this volume).

As the genomic DNA is characterized (see Chapter §, this volume) for se-
quences whose expression results in diseases, the use of antisense oligonucleo-
tides to prevent expression becomes a possible treatment modality and a molecular
tool to understand the pathological state. This approach has been recently re-
viewed.” The necessary minimum size of these oligonucleotides for high specific-
ity is 15 to 25 bases, and one or two incorrect bases may make them inactive.®
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Although it has recently been determined that the normal phosphodiester antisense
oligonucleotides are more stable in cell culture than originally thought, there is
still concern about how well they will survive hydrolysis by nucleases in vivo.
As aresult, analogues to the phosphodiesters are being considered. These include
phosphothioates, methylphosphonates, ethylphosphotriesters and phosphomorph-
olidates to increase stability. As with the other biopolymer products, the same
thorough analytical methods must be applied to these synthetic antisense oligonu-
cleotides and analogues before their therapeutic use.

5.3.2. Monitoring of Biotechnology Products

As equally challenging as characterization is the task of monitoring biotechnology
products. In vivo, most of these products are present in less than microgram per
milliliter concentrations. In many instances, the active agent will be immeasur-
able, and one will have to rely on measuring a specific biological response as a
reflection of the actual administered agent. Fortunately from the regulatory point
of view, bioassays have been used before. Nonetheless, it will be interesting to
read NDAs with pharmacokinetics based on a response rather than the direct
measurement of the drug concentration.

5.4. Pharmaceutical Analyses Using Inmunoassays
5.4.1. Therapeutic Drug Monitoring (TDM)

With the advent of MAbs, immunoassays of a number of therapeutic drugs have
become routine. Specificity and sensitivity, the major attributes of immunoassays,
are particularly important to many of those drugs that most often require TDM,
the classic example being digoxin. For TDM of drugs with low therapeutic
concentrations and with demand for rapid results, FPIA will be the method of
choice for some time. The major competing technique to FPIA for TDM is high-
performance liquid chromatography (HPLC). HPLC is more cost-effective in
cases where samples contain multiple drugs or drugs that are metabolized exten-
sively with one or more of the metabolites also being active. Improvements in
columns, detectors, and sample preparation, coupled with automation, indicate
that the use of HPLC will increase again for TDM.’

5.4.2. Peptide and Other Hormone Diagnostic Assays

The use of radioimmunoassay (RIA) to assess insulin levels in patients was the
first diagnostic immunoassay. It was quickly followed by immunoassays for other
peptide hormones for which polyclonal antibodies could be produced. When it
became possible to produce antibodies using antigens with a covalently bound
hapten, immunoassays for thyroxine and the steroid hormones soon were de-
veloped.
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As was indicated earlier, MAbs are now being used as therapeutic and diagnos-
tic agents; most of these MAbs are hybrids or chemically modified antibodies.
Those that are to be used in vivo require sensitive and selective analytical methods.

The bifunctional or hybrid MAbs are produced by the fusion of two different
hybridomas to form a quadradoma producing the two different MAbs and hybrid
MADbs. These hybrid MAbs contain one heavy and one light chain of each of the
MAb immunoglobulins from the original hybridomas. '

These hybrid MAbs offer several diagnostic and therapeutic possibilities. For
example, one site can be a tumor cell antigen and the other an antigenic (binding)
site for an antitumor agent. It appears that retention of specificity and activity are
better in the hybrid MAbs than in the chemically modified MAbs. Improvements
in chemical modification, by conjugating anticancer agents to cancer cell
MAbs'""" or linking two different FAB’ molecules (obtained by breaking disulfide
bonds in light chains) through disulfide bonds in the heavy chain," have been
reported. Another interesting chemically modified MAb recognizes an antigen
found in human granulocytes and is made bifunctional by reaction of *™Tc
with thiols on the MAb. Since granulocytes accumulate where inflammation is
occurring, these sites can be radioimaged through administration of this radiola-
beled MAD. "

5.4.3. Drug Abuse Testing

The number of different immunoassays for drug abuse testing grew rapidly during
the Vietnam War era, with homogeneous assays predominating, like the free
radical analysis technique (FRAT, also called spin immunoassay). This immuno-
assay was relatively quick and sensitive, but it required an expensive electron
spin resonance (ESR) spectrometer for measuring the free radical spin label. Of
more widespread use with time was the enzyme-mediated immunoassay technique
(EMIT), which required only a standard UV-VIS spectrophotometer. Both FRAT
and EMIT were good for eliminating most of the negative samples. However,
from a legal standpoint, both required that positive samples be confirmed by
gas chromatography-mass spectrometry (GC-MS), since both used polyclonal
antibodies that could show substantial cross-reactivity. For example, codeine
could not be distinguished from morphine. This problem has been eliminated
with the use of MAbs.

5.5. Methods Characterizing Biotechnology Products
5.5.1. Proteins and Peptides

5.5.1.1. Purity

The substantial improvement in filtering materials and techniques during pro-
cessing or prior to analyses should be noted. This results in cleaner products
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and more trouble-free analyses. Also, well-controlled sample volume reduction
should not be overlooked as a way to enhance HPLC sensitivity and to take
advantage of microbore column technology. Automated equipment providing
moderate temperature and pressure control and giving high sample recoveries
without degradation is available. In general, the quality control of biologically
derived pharmaceutical products has been aided substantially by robotics and the
objectivity and error-reduction capability of computers.'® Automation of the
isolation and purification processes is particularly important, since this represents
80 percent of the production costs, most of which is due to labor."

Utilizing microbore HPLC and applying partially purified recombinant protein
at 100 micrograms, about 1% is separated out as a variant, that is, 50 pmol in 20
pl. This and an equivalent amount of the major protein are subjected to tryptic
digestion, and each digest is injected into the microbore HPLC system. The
differing peptide fragment from the tryptic map of the variant is collected and
subjected to microsequencing. From knowledge of the error, the process is
improved to produce a purer product, typically with less than 0.1% variant being
produced."” Coupling a diode array detector to the microbore HPLC for peptide
mapping, provides considerably more information for comparison of the two
proteins. One can identify differences due to point mutations or posttranslational
modification. Monitoring at different wavelengths, such as 215 and 280 nm,
allows calculation of the aromatic amino acid content in each peptide fragment.'®
A rapid, less than 5 minute, HPLC separation of small amounts of recombinant
protein, useful for both at-line and on-line process monitoring, has been re-
ported."

The purification of synthetic peptides is more difficult than for those produced
by recombinant techniques. For example, a 55 amino acid peptide synthesized at
a 98% coupling efficiency at each step will result in a final product that contains
only 33.6% of the target peptide, and 37% will be a mixture of 54 residue peptides
differing from the target peptide by only one amino acid.” The remaining mixture
is of smaller peptides. This is clearly a challenging separation.”

Antibodies can be purified by affinity chromatography, using specific ligands
or protein G (a natural binder of IgG) bound to stable silica-based supports
that have minimal nonspecific binding.” Conversely, antibodies to any desired
biopolymer can be made, purified, and bound to a solid support to make affinity
columns for that biopolymer. A variation of this is so-called “paralog” chromatog-
raphy, which instead of an antibody uses a small peptide that mimics the anti-
body’s paratope (antigen recognition site). It is hoped that paralog affinity col-
umns will be able to separate variant proteins that differ by one or two amino
acids from the expected recombinant target protein.” Similarly, other proteins
(e.g., enzymes) that have very specific recognition sites can also use affinity
chromatography for purification. Affinity columns can be produced with good
capacity, up to 10 mg/g of support.”*
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5.5.1.2. Sequence and Structure

Once the purity of a protein has been established, the sequence can be obtained,
which helps to confirm the purity and complements the biological activity infor-
mation. A major analytical area for biotechnology in general, and for pharma-
ceutical biotechnology in particular, is the sequencing of peptides and proteins
derived from recombinant DNA or chemical synthesis. It is necessary to confirm
the correct amino acid sequence and to detect errors in sequence translation or
posttranslational modifications. This need is the driving force for improvements
in the traditional chemical and enzymatic sequencing methods, in separation
and detection techniques, and in sequencing by mass spectrometry (several of
these improvements are discussed in Chapter 4, this volume). An excellent
overview of the traditional sequencing methods, the complementary use of mass
spectrometry, and the different ionization methods for peptide sequencing has
been presented by Stults.” Another source for practical approaches to mass
spectrometry of proteins is also available.” A two-part review of protein chem-
istry dealing with isolation and characterization has been published.””* The
method to be used for sequencing is determined by several factors: the molecular
weight, preknowledge about the sequence, sample availability, sample purity,
and the presence of glycosylation or other modifications. Similar needs can also
be noted for oligosaccharides and oligonucleotides, but to a lesser extent. Some
additional methods for dealing with these biopolymers will be briefly discussed
below.

Complementing sequence determination is amino acid composition analysis.
Methods currently in use routinely measure amino acids in the low picomole
range. Recently, quantitation of even lower amounts has been reported using
the combination of gas phase hydrolysis, derivatization with naphthalene-2,3-
dicarboxaldehyde (NDA), separation on a C,s-coated open tubular column and
electrochemical detection. Quantitation of 4 fmol (4 X 10" mol) of bovine
chymotrypsinogen was demonstrated, and the current limit of the detector is 1
amol (107"* mol).”

Two of the most useful checks on the solution conformation of proteins and
peptides are circular dichroism (CD) and optical rotatory dispersion (ORD) spec-
tra (these are discussed in Chapter 4, this volume). For these techniques to be of
maximal value, a reference protein or peptide must be available for comparison.
The standard analytical tool for the higher-order structure of peptides and proteins
is X-ray crystallography, which requires the availability of appropriate crystals.
The fact is that the majority of proteins do not crystallize readily. In addition to
ORD and CD, modern high-field multidimensional NMR spectroscopy can also
provide higher order structural information.™ *' NMR-derived structure is more
relevant to function, since it can be done in solution. Analysis of proteins in
solution also allows NMR studies of the effects of ligand binding, the kinetics of
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unfolding, and conformational equilibria. Proteins for NMR structural determina-
tions should be soluble at millimolar concentrations, nonaggregating, and stable
up to 40°C. Good chemical shift dispersion is seen for B-pleated sheets, but not
for a-helices, 8-bends, and turns. Therefore, domains with the latter features are
difficult to define structurally.”” The current molecular weight limit of NMR
three-dimensional structural determinations of proteins is about 20,000 using 500
or 600 MHz instruments. With isotope labeling and more powerful magnets, this
could increase to about 40,000. This is probably the practical limit, as the resulting
large line width would reduce the sensitivity of the experiment.

Interesting research has also been done using reverse phase HPLC to predict
the presence of amphipathic a-helical structure in peptides. The method is based
on differences in retention time between two series of model peptides of known
sequence and a-helicity, as measured by CD.” A new HPLC detector that is
particularly useful for at-line process quality control has been developed. Based
on photon correlation spectroscopy, it measures the diffusion coefficient in the
flow cell. This can be converted by instrument software to yield the molecular
size (radius in nanometers) or molecular weight. In the case of multiple molecular
species, measurements of polydispersity can be converted to an estimate of
protein purity. This detector is particularly useful for determining aggregation,
dimerization, and degradation of products.™

5.5.1.3. Biological Activity

Biological activity testing is absolutely essential for biotechnology products. The
nature of the testing used is, of course, dependent on the specific product.
Enzymes can be well characterized by determining their kinetic parameters with
the appropriate substrate. Antibodies and carrier proteins can be evaluated by
determining equilibrium binding constants with their respective optimal ligands.
Peptide hormone activities can be determined by standardized bioassays.

5.5.2. Poly- and Oligonucleotides

5.5.2.1. Purity

Gel electrophoresis is the standard method for separating and purifying poly-
nucleotides and is capable of excellent resolution.

Denaturing polyacrylamide gel electrophoresis (PAGE) is competitive with
HPLC in separating an oligonucleotide from possible error products and can
resolve 600 base pair (bp) oligonucleotides from 599 or 601 bp error products.™
Thicker and longer gel plates have become available that give even more resolu-
tion and recovery.” However, the interest in oligonucleotides such as single-
stranded DNA probes has spurred the development of HPLC to provide rapid
isolation of highly purified DNA prior to amplification using the PCR technique.
Reverse phase columns can be used if the synthetic oligonucleotide still has



The Impact of Biotechnology on Analytical Methodology | 105

dimethoxytrityl protecting groups, but this is capacity limited, up to 1 mg/g of
support. Ion-exchange polymer columns can be used for the deprotected or
native oligonucleotides with capacities up to 100 mg/g of support.* Ion-exchange
columns are available to separate and purify DNA fragments such as plasmids,
synthetic oligomers, and restriction fragments. These columns can separate frag-
ments from 10 to 50,000 bp with purification of 50 to 150 ug per run and a
detection limit of 50 pg.”

5.5.2.2. Sequence and Structure

The fundamental DNA sequencing problem is to determine the order of the four
bases in the strands. The two main methods that developed in the 1970s were the
enzymatic method of Sanger and Coulson and the chemical method of Maxam
and Gilbert. Both require the high-resolution denaturing PAGE to separate the
cleaved or terminated DNA fragments produced. Fragments in the range of 300
to 600 bases can be resolved. Improved versions of these two methods together
have so far sequenced 26 million of the 3 billion bases of the human genome.

Sequencing is essentially divided into three parts: first, the production of
fragments of manageable size and the purification of the fragments, followed by
performing the necessary chemical or enzymatic methods; second, determination
of the actual sequence; and third, the analysis of the results so that the thousand
or so 300 to 600 base sequences can be assembled into a single genomic sequence.
In order to automate sequencing, an alternative to the use of radiolabel (°P) to
identify fragments on the gels was needed. This was done by using different
fluorescent tags for each of the bases. This allows sensitive detection of the
fragments, while they are being separated. Some variation in this modification
exists (e.g., the fluorescent labels can be in DNA primers or on terminal bases
on the DNA fragment itself). This automated sequencing should enable 10,000
bases to be sequenced per day. Appropriate computer hardware and software is
available to handle all the data to be analyzed.”

A practical example of the need for sequencing genomic DNA is as follows:
The evaluation of an antiviral agent in addition to the normal pharmacokinetic
analysis requires establishing its activity or lack of activity at the molecular level.
In the case of acyclovir the mechanism of action is the inhibition of herpes
simplex viral (HSV) DNA polymerase by acyclovir triphosphate, but resistance
is known to develop. To establish the cause of resistance, the lack of thymidine
kinase or its mutation or the alteration of HSV DNA polymerase must be shown.
The latter two causes require that the enzymes or the gene coding for the enzyme
be sequenced.™

Secondary and tertiary solution structures of oligo- and polynucleotides are
now quite well understood and can be predicted knowing the primary structure
(sequence) and confirmed by spectroscopic methods, such as NMR and CD.” ¥
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5.5.2.3. Biological Activity

The ultimate determination of rDNA activity is the production of the correct
recombinant protein, the analysis of which has been discussed previously.

5.5.3. Poly- and Oligosaccharides

5.5.3.1. Purity

The separation of erythropoietin (EPO) from fermentation media is a good exam-
ple of the purification of a valuable glycoprotein, derived from recombinant
technology, that takes advantage of its high oligosaccharide content (30 to 50%)
depending on the culture used. Only 1% of the protein in the culture media is
EPO, and initial cleanup takes advantage of the net negative charge of EPO at
pH 6.8. It is not retained on a DEAE Sephacel anion exchange column, whereas
98% of the non-EPO protein is. The next step is to suppress the ionic character
of the remaining protein using an acetonitrile—trifluoroacetic acid in water gradient
and a C4 reverse-phase HPLC column. After this step the EPO is 15% of the
isolated protein. The final step uses a concanavalin A-agarose affinity column,
which retains only the oligosaccharide containing EPO. EPO is then eluted with
a-methyl-D-mannose to give greater than 99% EPO.*

5.5.3.2. Sequence and Structure

The separation of glycoproteins can be accomplished on high-pH anion-exchange
(HPAE) columns, followed by the treatment of each glycoprotein with endo
B-N-acetylglucosaminidase H and the peptide, N-glycosidase F. The released
oligosaccharides after desialylation can then be separated on HPAE columns.*'
The remaining proteins can be sequenced by one of the previously described
methods and the oligosaccharide analyzed as will be indicated below. The possible
complexity of oligosaccharides is illustrated by the fact that a hexasaccharide
composed of some combination of the eight most common sugars leads to 4.76
x 10’ different structures.*

The sequence and structure of oligosaccharides can be studied by the following
methods: X-ray crystallography, chiroptical methods, nuclear magnetic reso-
nance, theoretical calculations, and mass spectrometry. X-Ray crystallography
requires crystals, and many oligosaccharides cannot be crystallized. However, if
obtainable, the X-ray crystallographic structure is a good starting point for the
solution structure. Chiroptical methods give considerable information on solution
conformation, but it is only readily interpretable for polymers with the same
repeating monomer unit. NMR, using high-field instruments (500 MHz and
above), is the method of choice as the 'H and "*C parameters contain detailed
conformational information. Theoretical calculations, particularly hard-sphere
exo-anomeric (HSEA) effect calculations, can give good results even on fairly
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large oligosaccharides.*’ Mass spectrometry is particularly useful for sequence
and substructural analysis of polysaccharides, but defined chemical modification
is usually required to produce fragments and derivatives suitable for the determina-
tion of sequence and linkages.*

5.6. Future Analytical Needs for Biotechnology Products

5.6.1. Needs Ancillary to Actual Analysis

All the analytical methods discussed here and by Prankerd and Schulman (Chapter
4, this volume) will continue to be refined as the number and quantity of biotech-
nology products grow. Particular needs should result in more rapid development
as follows: Both research laboratories and production facilities will take advantage
of the time saving engendered by robotic and automated devices that can do
increasingly complex handling tasks. Through the use of artificial intelligence,
the incorporation of decision making can also be done based on increased data
from continuous process monitoring. The current bioassays, notably those done
in vivo, which take many days to complete yet are required to demonstrate the
potency of the product, will be replaced with in vitro or analog assays. These
assays must be equivalent and have a short turnaround time. Modifications to
analytical systems so that they can be used for in-line process control is an area
in which considerable efforts will be made, especially biosensors* ™" and flowing
systems, HPLC, and capillary electrophoresis (CE). Much improved methods
for the mapping and sequencing of oligosaccharides in conjunction with the
characterization of high-molecular-weight glycoproteins and proteoglycans are
under development. More efficient, specific, and sensitive methods for trace
DNA (10-100 pg/dose) in recombinant protein are also needed to meet regulatory
requirements.

Most of the methods discussed here and by Prankerd and Schulman (Chapter 4,
this volume) are applicable to biotechnology-derived pharmaceuticals in delivery
systems. The intent, however, is to focus on establishing the integrity of the
product in the delivery system matrix. Is potency maintained? Has any degrada-
tion occurred? What is the nature of the degradation products? As was indicated
earlier for most biotechnology-derived pharmaceuticals, pharmacodynamic stud-
ies (bioavailability, absorption, distribution, metabolism, and excretion) are dif-
ficult, if not impossible, to accomplish analytically by direct means. Yet many
innovative techniques will meet the challenge. For example, single-cell monitor-
ing is possible;* why not continuous microsampling? Stable isotope markers in
specific parts of the molecule would allow sorting out some of the pharmacoki-
netics.

Two analytical areas in which the needs of biotechnology are stimulating very
rapid developments are CE and MS (both of these methods are also discussed in
Chapter 4, this volume).
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5.6.2. Capillary Electrophoresis

Research in CE has proceeded rapidly since 1983 in large part owing to the
publications of Jorgenson and Lukacs.”** The first separate review on CE by
Kuhr” has appeared in Analytical Chemistry’s annual fundamental reviews. Of
the many other recent reviews, the one by Wallingford and Ewing™ is recom-
mended for comprehensive coverage of the fundamentals of CE. The attrac-
tiveness of CE is based on its speed, high efficiency of separation (e.g., 10°
plates/m), and sensitivity (femtomoles or less). Drawbacks include irreproducible
separations (due in part to Joule heating by using high-ionic-strength buffers and
poor control of sample introduction), high operating voltages, and a lack of
preparative capability. These problems are being addressed (e.g., instrument
automation™) and will be overcome or circumvented, except for the lack of
preparative capability. This latter problem is not as critical for DNA, since it can
be amplified by the PCR technique mentioned previously. The uses of CE will
center on purity and identification.

Two major types of CE are emerging, free solution CE (FSCE; also known as
capillary zone electrophoresis or CZE) and capillary gel electrophoresis (CGE).
The major problem with FSCE is in the control of electroosmotic flow; however,
arecent report presents the use of an external electric field for control.” The FSCE
open tubular capillary columns are much easier to manufacture reproducibly
than the gel-filled capillaries for CGE. The components and capabilities of a
commercial FSCE system have been well presented.”” Linking reverse phase
HPLC to FSCE takes advantage of the abilities to separate by two different
properties. This orthogonal relationship gives a system that provides more capac-
ity and resolution than either alone. An example of this concept is its successful
testing, using fluorescently labeled peptide products, of a tryptic digest of oval-
bumin.>® Another new methodology that uses FSCE systems is the application of
the technique to isoelectric focusing (IEF). These two would seem incompatible,
since at increasing pH an electrically charged layer forms on the inner surface of
the silica capillary and supports a strong electroosmotic flow, preventing the
necessary pH gradient for focusing proteins. However, by coating the inside of
the capillary with a covalently bonded linear hydrophilic polymer, electroosmosis
is reduced as well as adsorption. These coated columns are then filled with a
mixture of proteins and ampholytes. Finally, a voltage is applied to obtain a
gradient and focus the proteins according to their isoelectric points (p/). By
monitoring current, focusing can be terminated when the current reaches a mini-
mum. Focused protein can then be removed from the column by adding salt to
the cathodic or anodic reservoirs. The mobility time to remove a given protein is
linearly related to p/. This is a very high resolution separation and will be
additionally valuable for the characterization of proteins.”

The retention variability due to electroosmotic flow in FSCE is obviated when
one goes to CGE. CGE systems have been shown to be very useful for separating
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polynucleotides. The gel-filled capillaries are capable of repeated use, up to 150
runs.” Of particular interest is the rapid separation of fluorescently labeled DNA
fragments, which can be detected by laser-induced fluorescence at a level of 1
amol.”'

5.6.3. Mass Spectrometry

The major breakthroughs in using MS in biotechnology were (1) the sample
introduction methods; (2) the ionization methods (which produced mass ions of
biopolymers, which then were measured with some accuracy by a variety of one
or more mass spectrometers); and (3) the understanding of how to interpret MS
data to give the sequences of biopolymers. Continuing work is being done to make
these methods generally applicable. It is expected that optimal measurements on
femtomole quantities, accurate molecular mass measurements (within one Da at
mass 100 kDa), and the measurement of variants present below the 1% level will
become routine. Burlingame et al. point to matrix-assisted laser ionization
{MALI) combined with time-of-flight (TOF) mass spectrometers and electrospray
sample introduction-ionization (ESI) as the two most significant developments in
this field in the past 2 years.”

The optimization of ESI has been summarized by Meng and Fenn® along with
some notable examples. The spectra of four proteins are presented, which range
in molecular weight from 8,560 to 39,830. Each spectra has a distribution of
multiple charged peaks, each separated by an m/z of one. A thorough review
to date of ESI-MS compares its capabilities to other ionization techniques for
biopolymers. ESI-MS can currently determine protein molecular weights accu-
rately over 50,000 and some reported over 100,000, whereas fast atom bombard-
ment (FAB) and plasma desorption (PD) are limited to about 25,000 and 45,000,
respectively. ESI of oligonucleotides up to 25,000 (76-mer) has also been done.*
A related technique, called ion spray, is more amenable to completely aqueous
samples and use with atmospheric pressure ionization (API) sources.*” The prob-
lems and advantages of linking high-resolution FSCE to API-MS have been
investigated and reviewed.® Interest in the MS of biopolymers has stimulated an
interest in TOF mass spectrometers, since they are capable of recording masses
higher than most magnetic sector mass spectrometers. They operate at a higher
scan rate than quadrupole mass spectrometers. Combined with the ionization
energy control of a laser, protein molecular ions of masses over 200 kD using
matrix-assisted UV laser ionization and TOF-MS have been reported.”’ This
method has also shown an accuracy of +0.01% for as little as 1 pmol of protein
in the 10,000 to 20,000 MW range. When the matrices are cinnamic acids, which
allow longer laser wavelengths to be used, these measurements appear to be
independent of varying concentrations of small organic or inorganic components
in the sample.” Following this work, the combination of HPLC interfaces with
TOF-MS has been investigated.”
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Infrared laser desorption (IRLD) TOF-MS has been found to be useful for
oligosaccharides and glycoconjugates. As fragmentation occurs in the sugar
ring rather than at the glycosidic bond, this method should prove valuable for
understanding the structure of complex carbohydrates.” IRLD Fourier transform
(FT) MS provides sensitive analysis of amino acid peptide mixture.”"

5.7. Conclusion

Biotechnology has contributed greatly to analytical methodology in the form of
monoclonal antibodies. They have made a tremendous impact on bioanalysis,
from the home pregnancy test to the early diagnosis and treatment of cancer.
Virtually any organic compound can be identified and quantitated with high
specificity and sensitivity with a monoclonal antibody-based immunoassay pro-
duced for the compound in question. The great advantage is that it can do so
using a sample that is a very complex mixture; the disadvantage being that it can
only measure one compound per sample.

Central to biotechnology is determining the human DNA sequence; it will be
some time before it is completely known, but work with fragments is proceeding
at a rapid pace. This chapter has highlighted the analytical methodology that has
developed and is developing to support the human genome project as well as
basic research and applications in biotechnology. The methods center around
answering two fundamental questions about the “reagents” and products of bio-
technology: how pure they are, and what is their exact structure? For example,
Do I have a single DNA fragment before amplifying it by PCR? and Is the
interleukin-2 we produced using recombinant DNA identical in structure to the
human interleukin-2? Methods of characterizing the three main compound groups
that are used as tools in, or are products of, biotechnology—namely peptides and
proteins, poly- and oligonucleotides, and poly- and oligosaccharides—have been
discussed. The analytical chemists have risen to the challenge of biotechnology,
as is illustrated by methods such as CE and ESI-MS. Every indication is that the
bioanalytical needs of the future will also be met.
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Drug Delivery Aspects of
Biotechnology Products

Diane J. Burgess

6.1. Introduction

In recent years, there have been enormous advances in the field of protein and
peptide engineering and an increased understanding of the way in which biological
response modifiers function in the body. It is now possible, through the use of
recombinant DNA techniques or by solid phase protein synthesis, to produce on
a commercial scale a large variety of regulatory agents that are therapeutically
applicable. The list of these response modifiers is continually expanding and
includes interferons, interleukins, monoclonal antibodies, colony-stimulating fac-
tors, human insulin of recombinant DNA origin, human growth hormones, antico-
agulants, and agents that have potential in inflammation and contraception.
Biotechnology-derived human therapeutic agents currently comprise the largest
product category of pharmaceuticals in research and development. For example,
there are a growing number of cardiovascular proteins under investigation, such
as kidney plasminogen activator (k-PA), protein C, atrial natriuretic peptide
(ANP), and apolipoproteins. Thrombolytic agents, which dissolve blood clots
and are thus important in the treatment of heart attack, include t-PA (approved,
Genentech), which binds specifically to protein in the clot; urokinase, which
unlike t-PA is nonspecific and can cause bleeding anywhere; k-PA, which is a
precursor of urokinase; and protein C, which is an anticoagulant that helps
balance clot dissolution and clot formation. Superoxide dismutase, an enzyme that
neutralizes oxygen free radicals, is also under investigation. The blood levels of
this enzyme rise when a blood clot is dissolved and blood begins to flow through
previously blocked tissues. Atrial natriuretic peptide (ANP) has a large market
potential as an agent to prevent heart attack, stroke, and other cardiovascular
diseases by controlling blood pressure. ANP has an advantage over existing
drugs, as it controls blood pressure through a number of different mechanisms.
Currently available antihypertensive agents only affect one mechanism and tend
to cause harmful side effects. Apolipoproteins, which are involved in the transport
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Table 6.1. Currently Approved Biotechnology-Derived Pharmaceutical Products,
Indications and Sales

1990 Sales,
Worldwide
Products Indications for Use (million $)
Interferon-a Leukemia, AIDS, renal cell carcinoma, Kaposi’s 235
sarcoma, malignant melanoma, multiple
myeloma, ovarian cancer, genital and oral herpes
Interferon-A3° AIDS, ARC, multiple sclerosis, cancer 15
Erythorpoietin Anemia, chronic renal failure, AIDS 290
Factor VIII:C Hemophilia 175
Hepatitis B Hepatitis B vaccine 160
Human growth hormone Human growth hormone deficiency in children 285
Human insulin Diabetes 400
Interleukin-2° Metastic renal cell carcinoma, advanced cases of 15
cancer
Monoclonal antibody Cancer, septic shock, graft-vs.-host body based 35
disease, prevention of blood clot imaging
Tissue plasminogen Acute myocardial infarction 210
activator
Granulocyte—macrophage Bone marrow transplantation, chronic neutropenia 25
colony-stimulating factor
Interferon-y Renal cell carcinoma, rheumatoid arthritis, chronic 10
granulomatous disease
Total 1,855

*Approved in Europe and Japan, not yet approved in United States.

®Blood-derived factor VIII that has been purified using monoclonal antibodies. (Recombinant factor
VIII has just been approved in Germany).

“Approved in some European countries.

of cholesterol in the blood, are also under investigation, as they may help prevent
deposition of cholesterol in arteries (arteriosclerosis).

World sales of biotechnology-derived human therapeutics reached $1,855 mil-
lion in 1990, which is up almost 100% since 1988 ($995 million)." Since the
technology that allows us to produce these drugs is only a little over a decade old,
the level of sales is very respectable. Sales from currently approved biotechnology
products are expected to more than double in the next 5 years (projected at $4,915
million for 1995), not including new products that will be rapidly entering the
marketplace. Table 6.1 lists currently approved therapeutic products, together
with their indications and their 1990 sales.'

6.2. Stability of Peptides and Proteins

A major difference between the traditional chemical entities used as drugs and
the new genetically engineered peptide and protein drugs lies in their stability.
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Peptides and proteins are highly susceptible to both chemical and physical instabil-
ity when compared with traditional drugs. This presents unique difficulties in the
purification, separation, formulation, storage, and delivery of these compounds.
Chemical instability results in the generation of a new chemical entity, by bond
formation or cleavage. Physical instability involves changes in the secondary,
tertiary, or quaternary structure of the molecule, which can be manifested as
denaturation (structural rearrangement within the molecule), adsorption, aggrega-
tion, and precipitation. Therefore, denaturation rarely occurs in small peptides,
which do not possess high levels of structural order. Both physical and chemical
changes in peptides and proteins can result in a loss of biological activity. A
comprehensive review of protein stability is given by Manning et al.”

6.2.1. Physical Stability

6.2.1.1. Denaturation

Peptides and proteins are made up of both polar amino acid residues and nonpolar
amino acid residues. In an aqueous environment the hydrophobic, nonpolar amino
acid residues fold up on themselves to form globular-shaped molecules, with the
hydrophilic, polar amino acid residues exposed to the aqueous environment. If
these molecules are then placed in a hydrophobic environment such as a nonaque-
ous solvent for the purposes of purification, separation, or formulation, they will
unfold, exposing their hydrophobic residues to the hydrophobic environment.
This results in rearrangement and loss of quaternary and tertiary structure (Figure
6.1). On unfolding, hydrophobic and hydrogen bonds are broken. Hydrophobic
bonding is a type of bonding that exists between hydrophobic regions. The
secondary structures (a-helix and 3-pleated sheets), which have a greater number
of stabilizing hydrogen bonds, may or may not be lost. Unfolding and denaturation
may also occur if the solvent is changed from an aqueous to a mixed solvent
such as acetone and water or alcohol and water. Changes in pH will affect the
conformation of polypeptides and proteins, since this will alter the ionization of
the carboxylic acid and amino groups and hence the charges carried by the
molecules. An increase in the number of like charges on an individual molecule
will result in charge repulsion within the molecule and it will unfold. Similarly,
changes in ionic strength will affect the charge carried by molecules through the
effect of counterion screening. Ions of the opposite charge to that of the molecule
will gather around the molecule, hence reducing its effective charge. Changes in
temperature may also cause unfolding of polypeptides and proteins. An increase
in the temperature will increase the thermal energy of the molecules. The increase
in energy may be sufficient to break the hydrogen bonds that stabilize the quater-
nary, tertiary, and secondary structure of these molecules. At very high tempera-
ture, chemical bonds may also be broken.

The biological activity of the polypeptides and proteins is often lost on structural
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(a) 'NATIVE' STATE

(b) DENATURED/UNFOLDED STATE

Figure 6.1. Schematic diagram of polypeptide or protein unfolding (denaturation): (a)
in the native state; (b) in the denatured state (unfolded).

rearrangement. Particular residues that were previously exposed may be hidden,
with a resultant loss of activity, and similarly, new residues may become exposed,
which may possess a different activity.

Denaturation can be reversible or irreversible. In cases of reversible denatur-
ation the conformational change in the molecules can be reversed by returning
the conditions to their original state. For example, a protein may be denatured
by an increase in temperature and then may reform its original structure when
the temperature is decreased. Irreversibly denatured proteins cannot reform their
native structures by returning the conditions to their original state. These proteins
may be simply misfolded, so that the conformation does not allow them to
renature properly, or they may have undergone some chemical or physical process
that inhibits the original folding pattern.

6.2.1.2. Adsorption

Peptides and proteins are amphiphilic, that is, they possess both polar, hydrophilic
and nonpolar, hydrophobic amino acid residues. Consequently, in a similar
manner to small surfactant molecules, they have a tendency to be adsorbed at
interfaces, such as air—water and air—solid. The hydrophobic, nonpolar, amino
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HYDROPHILIC REGION

HYDROPHOBIC REGION

L,L HYDROPHOBIC SURFACE

Figure 6.2. Schematic diagram of protein adsorption at a hydrophobic surface: (a) in the
native state; (b) adsorbed on a hydrophobic surface (denatured).

(a) (b)

acid residues prefer the hydrophobic environment of the air or the surface of a
container such as a glass beaker or a plastic bottle, whereas the hydrophilic, polar
amino acid residues prefer the aqueous environment. Peptides and proteins may
therefore rearrange and denature on adsorption at an interface. Figure 6.2 is a
schematic representation of this type of conformational rearrangement. Once
adsorbed, the protein molecules will form short-range bonds with the surface,
such as van der Waals, hydrophobic, and ion-pair bonds, which may result in
further denaturation of the molecules. Peptides and proteins adsorb at interfaces
relatively rapidly; however, conformational changes in the protein at the interface
are slow and may take hours to complete.’ Desorption of surface proteins in their
“native” state is unlikely. Rather, peptides and proteins will desorb with their
hydrophobic residues exposed. Therefore, they will have unfavorable interactions
with water and will tend to form aggregates and precipitates.

Biological activity can be lost or changed as a result of the rearrangement of
molecular structure on adsorption. For example, an antigenic moiety may become
exposed when blood proteins are adsorbed on surfaces. Adsorption of polypeptide
and protein drugs at interfaces will also lead to a reduction in the concentration
of drug available. The loss of polypeptides and proteins as a result of interfacial
adsorption may occur during purification, formulation, storage, or delivery.
Difficulties have been encountered with insulin adsorbing to the surfaces of
delivery pumps,*™® to glass and plastic containers,” " and to plastic intravenous
bags and tubing.'*'

6.2.1.3. Aggregation and Precipitation

Denatured, unfolded proteins may rearrange to form aggregates in which the
hydrophobic amino acid residues of different molecules associate together. Aggre-
gation may be on a macroscopic scale, resulting in precipitation. Aggregation
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and precipitation can follow interfacial adsorption, as explained previously. The
extent of aggregation and precipitation is dependent on the relative hydrophilicity
or hydrophobicity of the surfaces with which the polypeptide or protein solution
is in contact. Both aggregation and precipitation are accelerated by hydrophobic
surfaces. The types of vials and stoppers (as well as their sizes) used to contain
polypeptide and protein solutions are therefore of importance. An example is
insulin frosting, the formation of finely divided precipitates on the walls of
insulin containers. Precipitation is accelerated in the presence of a large air—
water interface, ' indicating that adsorbed protein at the air-water interface is
denaturing, aggregating, and finally precipitating. The air interface is very hy-
drophobic. Agitation of polypeptide and protein solutions increases aggregation
and precipitation. This may be a result of the introduction of air bubbles, which
increase the exposure of the molecules to the hydrophobic air interface, and may
also be a result of the increased thermal motion of the molecules, which resuits
from agitation. The formation of aggregates or precipitates in the insulin reservoir
of implanted insulin pumps has been a major problem associated with this delivery
system. Aggregates in these pumps form at body temperature, particularly with
agitation of the insulin reservoir, and when the insulin is in contact with hydropho-
bic surfaces such as polyvinyl chlorine and air bubbles.

6.2.1.4. Use of Additives to Improve Polypeptide and Protein
Physical Stability

Certain additives such as salts, metal ions, polyalcohols, surfactants, reducing
agents, chelating agents, other proteins, amino acids, fatty acids, and phospholip-
ids can improve the stability of polypeptides and proteins. Salts decrease denatur-
ation and increase stability in relation to aggregation and precipitation via nonspe-
cific or specific ion binding to the protein."” > Specific ion binding sites have
been introduced into proteins to improve their stability (the reader is referred to
Section 6.2.2.6 in this chapter, Methods of Improving the Chemical Stability of
Polypeptides and Proteins). When present in aqueous solutions at low concentra-
tion, polyalcohols such as glycerol can stabilize proteins by selective
solvation.**?* Water molecules pack around the protein molecules to exclude
the hydrophobic polyalcohol molecules, thereby increasing stability. At high
polyalcohol concentrations the opposite effect occurs, as there is insufficient
water to protect the protein, and exposure to these hydrophobic solvents denatures
the protein.

Surfactants, both nonionic and ionic, can stabilize proteins by preventing
adsorption of protein at interfaces.'® ** The small surfactant molecule preferen-
tially adsorb at the interfaces. The presence of surfactant molecules also inhibits
aggregation and precipitation of polypeptides and proteins.” '* ***' Phospholip-
ids, fatty acids, and other protein molecules are also surface active and therefore
act similarly to surfactants.
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6.2.2. Chemical Stability

There are nine major reaction mechanisms by which peptides and proteins chemi-
cally degrade: hydrolysis, imide formation, deamidation, isomerization, racemi-
zation, diketopiperizine formation, oxidation, disulfide exchange, and photode-
composition.

6.2.2.1. Deamidation

Deamidation involves the hydrolysis of the side chain amide linkage of an amino
acid residue to form a free carboxylic acid. Glutamine (Gln) and asparagine (Asn)
are particularly susceptible to deamidation. This type of hydrolysis of proteins
and peptides has been reviewed by Robinson and Rudd.” Proteins that undergo
deamidation in vitro include insulin, prolactin, human growth hormone, and
bovine growth hormone. In vivo deamidation may be enzymatic or nonenzymatic.
The rate of deamidation of Asn residues in peptides and proteins is favored by
increased pH, temperature, and ionic strength, and is affected by the tertiary
structure of the protein. The protein molecule may be folded in such a way that
deamidation is sterically hindered. For example, the tertiary structure of trypsin
appears to prevent deamidation of the molecule.” Deamidation can also alter the
activity of peptides and proteins: a decrease in the biological activity of porcine
adrenal corticotropic hormone (ACTH) follows deamidation.™

6.2.2.2. Oxidation

Oxidation may occur on the side chains of histidine (His), methionine (Met),
lysine (Lys), tryptophan (Trp), and tyrosine (Tyr) residues in proteins. Oxidation
is very common during isolation, synthesis, and storage of peptides and pro-
teins.”* The thioether group of Met is particularly susceptible to oxidation.
Atmospheric oxygen can oxidize Met residues under acidic conditions. Oxidizing
agents such as hydrogen peroxide, periodate, iodine, and dimethyl sulfoxide can
oxidize Met-to-Met sulfoxides. The thiol group of Cys can be oxidized to sulfonic
acid. Again, oxidation occurs in the presence of oxidizing agents such as iodine
and hydrogen peroxide, is catalyzed by metal ions, and may occur spontaneously
by atmospheric oxygen.

Oxidation of amino acid residues is usually associated with a loss of biological
activity. For example, oxidation of the Met residues in corticotropin,” calcito-
nin,* and gastrin*' results in a loss of activity. However, some proteins, such as
glucagon, retain their biological activity after oxidation. Lost biological activity
may be restored by reduction. Almost full activity is restored to lysozyme* and
ribonuclease* on reduction of Met sulfoxide to Met.
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6.2.2.3. Proteolysis

The susceptibility of peptide bonds to cleavage is dependent on the residues
involved. Asparagine residues are more unstable than other residues, and the
Asp-Pro (proline) bond is particularly labile. In general, at neutral pH and room
temperature, peptide bonds are relatively stable in relation to hydrolysis. For
example, the half-life of Phe-Phe-Phe-Gly was determined to be of the order of
7 years.* Proteolysis occurs in most proteins on heating. For example, lysozyme
is inactivated irreversibly by heating at 90-100°C at pH.*

6.2.2.4. Disulfide Exchange

Disulfide bonds may break and reform incorrectly, altering the three-dimensional
structure and hence the activity of polypeptides and proteins. This reaction can
be catalyzed in neutral and alkaline media by thiols, which may arise as a result
of hydrolytic cleavage of disulfides. The thiolate ions carry out nucleophilic
attack on a sulfur atom of the disulfide. Disulfide exchange may be prevented by
the addition of thiol scavengers such as p-mercuribenzoate, N-ethylmaleimide,
and copper ions.

6.2.2.5. Racemization

All of the amino acids, with the exception of Gly, are chiral at the carbon bearing
the side chain, and are subject to base-catalyzed racemization. The a-methene
hydrogen is removed by the base, forming a carbonion. Racemization of an amino
acid residue may render the protein nonmetabolizable, as the racemic peptide
bonds are inaccessible to proteolytic enzymes, and may reduce or eliminate
biological activity.

6.2.2.6. Methods of Improving the Chemical Stability of Peptides
and Proteins

The chemical stability of peptides and proteins can be improved by site-directed
mutagenesis, chemical modification of the molecules, and the appropriate choice
of conditions.

Site-Directed Mutagenesis. Bioengineering techniques are available that enable
specific mutations to occur that alter the primary sequence of the proteins and
thus create new chemical entities.* Site-directed mutagenesis can be designed to
improve both the stability and the intrinsic specificity of proteins. Specific amino
acid residues that are chemically reactive can be replaced with others that are
not, while retaining the activity of the polypeptide or protein. Ion binding sites
can be introduced that improve thermal or other types of stability. Specific
sites that are susceptible to chemical degradation, such as deamidation, can
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be replaced. Physical stability can also be improved. Disulfide bridges can be
introduced that stabilize the native conformation and provide stability against
reversible and irreversible denaturation. Similarly, residues can be introduced
that improve hydrophobic packing and maximize hydrogen bonding.

Chemical Modification of Proteins. Synthetic polymers, such as polyethylene
glycol*** and polyoxyethylene,* ** can be chemically conjugated to the surfaces
of polypeptide and protein drugs to improve stability and to alter their pharmacodi-
sposition. However, biological activity may be lost on coupling.”™ Lipids
have been successfully used as coupling agents. Lipids coupled to insulin have
improved insulin absorption.”

Appropriate Choice of Conditions. Most chemical reactions can be retarded by
the appropriate choice of conditions: physical state, pH, ionic strength, tempera-
ture, and the addition of preservatives. The presence of water is a most significant
factor in both chemical and physical denaturation. The stability of peptides and
proteins is usually enhanced when in the dry solid state and at low temperature.
Proteins are usually stored and handled as solids. Dosage forms should be formu-
lated in such a way that they can be stored and shipped as solid, preferably freeze-
dried products. Most commonly, peptide and protein drugs are given by parenteral
injection. These injectable dosage forms are prepared as freeze-dried powders
that are reconstituted as solutions prior to use. The stability of peptide and protein
drugs is a very important consideration in the selection of an appropriate dosage
form and route of administration.

6.2.3. Stability Testing

Most peptides and proteins are extremely stable at low temperature (5°C and
below) but are usually extremely thermolabile (especially above body tempera-
ture); therefore, accelerated stability testing is not appropriate. Real-time stability
studies must therefore be conducted. These studies take much longer to conduct;
thus, the development stage of any peptide or protein drug formulation is much
longer compared with most conventional drugs.

6.3. Delivery of Protein and Peptide Drugs

6.3.1. Oral Route

The conventional and most convenient route of drug delivery, the oral route, is
problematic for protein or peptide drugs. Peptides are degraded by chemical and
enzymatic action in the gastrointestinal tract (GIT). The molecular mass of
peptides and proteins (approximately 0.5 to over 100 kDa) inhibits their ability
to cross the intestinal epithelia. However, limited intestinal absorption of a few
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small bioactive peptides, such as cyclosporin and thyrotropin-releasing hormone
(TRH), has been reported during the past decade.*® Any peptide or protein drugs
that are absorbed intact may undergo first-pass metabolism in the liver.

Proteins and polypeptides are hydrolyzed in the GIT to a mixture of amino
acids and small peptides. However, small peptides, di-, and tripeptides, such as
TRH, can exhibit metabolic stability in the GIT. TRH has been successfully
formulated as a tablet for oral use.”’” Generally, tetra- and larger peptides are
hydrolyzed to absorbable products,™ although there are a few that are absorbed
intact by specific carrier transport mechanisms.

Gastric acid contains the important proteolytic enzyme pepsin. Pepsin is spe-
cific for peptide linkages to phenylalanine and tyrosine. In the upper small
intestine, the breakdown of proteins and polypeptides occurs under the influence
of trypsin, chymotrypsin, carboxypeptidases, and aminopeptidases, all of which
are excreted by the pancreas. Trypsin is specific for peptide linkages to lysine
and to arginine. Chymotrypsin primarily attacks phenylalanine and tyrosine. The
carboxypeptidases and aminopeptidases cleave terminal amino acid residues. The
pancreatic juice is rich in carboxypeptidases but contains only a small amount of
aminopeptidases. The intestinal mucosa is rich in aminopeptidases and dipepti-
dases.

Although small peptides such as TRH, and a few larger peptides such as
cyclosporin (an undecapeptide), may be stable to degradation, they are not
absorbed to any significant extent. The bioavailability of TRH is only a few
percent.”” * Most drugs are absorbed by a passive diffusion process in which the
fraction of the dose absorbed is a function of the dose to solubility ratio, the
particle size, the partition coefficient, the pK,, the stability, and the molecular
weight of the drug. Compounds with molecular weights of approximately 500
and above (most peptides) are poorly absorbed from the GIT.*' This may be, in
part, a consequence of the gel-like mucin, which can act as a physical barrier to
these large molecules. Absorption of high-molecular-weight compounds, such as
peptides, across the intestinal mucosa may only occur by (1) diffusion through the
aqueous pores or the intercellular spaces (water-soluble molecules), (2) diffusion
through the membrane lipids (lipid-soluble molecules), and (3) uptake into epithe-
lial cells by endocytosis or pinocytosis. Absorption by these mechanisms is very
limited, approximately 1 to 5%.° For example, the metabolically stable analogues
of somatostatin, cyclic hexa- and octapeptides, are absorbed about 2% orally.
Some di- and tripeptides, absorbed by a facilitated diffusion transport system,
are absorbed to a greater extent.”

6.3.1.1. Pharmaceutical Methods to Improve the Oral Bioavailability of
Peptides and Proteins

The oral bioavailability of peptides and proteins can be improved by the coadmin-
istration of peptidase inhibitors, by saturation of the intestinal peptidases, by
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avoiding the intestinal peptidases through enteric coating, by the coadministration
of penetration enhancers, and by avoiding hepatic first-pass metabolism through
promotion of lymphatic uptake.

Use of Peptidase Inhibitors. Pharmaceutically it is possible to improve the stabil-
ity, absorption, and therefore the bioavailability of peptide and protein drugs.
Protection against proteolysis may be achieved by coadministration of peptidase
inhibitors. For example, it has been shown that amistatin acts effectively as
a peptidase inhibitor, significantly promoting the absorption of enkephalins.*
Aminopeptidase, phosphoramidon-sensitive endopeptidase-24-1I1, and captopril-
sensitive peptidyl dipeptidase A have all been indicated in the inactivation of
[Met*]-enkephalin in the rat and mouse vas deferens and the guinea pig ileum.*

Saturation of and Bypassing the Intestinal Peptidases. Another approach to
improving peptide and protein bioavailability is to saturate the peptidases either
by increasing the dosage or by loading with another peptide or protein. The drug
must be nontoxic at high dosage if peptidase saturation by increased dosage is to
be employed. Alternatively, the drug may be enteric coated so that certain parts
of the GIT and hence certain peptidases are bypassed. Acid-resistant acrylic resins
will bypass the stomach and release the drug in the small intestine. Polymer
coatings, cross-linked with azoaromatic groups, have been developed that form
a tough, water-impervious film that remains intact in the stomach and the small
intestine. The azo bonds are reduced in the large intestine by indigenous mi-
croflora.” This methodology avoids the majority of the peptidases; however, the
colon is much less permeable than the small intestine, particularly to water-
soluble drugs.

Use of Penetration Enhancers. Absorption of peptides and proteins can be im-
proved pharmaceutically by the coadministration of penetration enhancers. Sev-
eral different groups of penetration enhancers have been studied, including surfac-
tants, nonsurfactants, and chelators. Ionic and nonionic detergents""’68 and bile
salt surfactants” "> have all been demonstrated to enhance the absorption of
proteins and peptides. Surfactants appear to act by increasing membrane fluid-
ity,” ™ which may be linked to surfactant micellar structures. Micelles may
interact with the phospholipids of the intestinal membrane, promoting absorption
through the membrane; similarly, pericellular permeation may be enhanced by
solubilization of drugs within bile salt micelles. Bile salt micelles have been
shown to significantly enhance the absorption of insulin.”
Ethylenediaminetetraacetic acid (EDTA), trisodium citrate, and salicylates
promote absorption of water-soluble drugs by chelation. The mechanism of action
is thought to be by depletion of calcium and magnesium ions in the regions of
the tight junctions between the epithelial cells, which then forces water through
by osmosis, enhancing pericellular absorption of water-soluble drugs. EDTA and
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trisodium citrate have been shown to increase the absorption of heparin, mannitol,
and insulin.”

Promotion of Lymphatic Uptake. A third important factor to be taken into consid-
eration, beside enzymatic degradation in the GIT and poor absorption, is hepatic
first-pass metabolism. Hepatic first-pass metabolism may be avoided by saturation
blockage of specific enzymes or by formulation in a vehicle that promotes lym-
phatic uptake. Lymphatic uptake of drugs may be increased by the use of surfac-
tants, such as bile salts, which facilitates micellar solubilization; by formulation
in lipid vehicles; and by concurrent feeding with lipid. For example, the bioavail-
ability of cyclosporin is increased from approximately 1%, to between 20 and
50% when the drug is given in an olive oil-based formulation.”” Lipids promote
the intestinal absorption of drugs selectively via the lymph system.” Digestion
of lipids enhances the synthesis of chylomicrons in which drugs may be entrapped
and thereby selectively absorbed by the lymphatic system. Surfactants facilitate
micellar solubilization of drugs. Salicylates also enhance lymphatic uptake, the
more hydrophilic the salicylate the greater the adjuvant activity.”

The foregoing methods of improving the oral delivery of peptides are mostly
in the experimental stage. Apart from a few exceptions, such as cyclosporin, oral
delivery of peptide and protein drugs is not viable at present. However, a signifi-
cant amount of research is underway, and oral delivery, particularly of the smalier
peptides, may indeed become possible in the near future. Formulation aspects of
oral delivery are also under investigation™.

6.3.2. Parenteral Routes

Parenteral delivery has been the sole practical method of administration of pro-
teins, owing to their poor absorption and metabolic instability when given by
other routes. Insulin has been delivered parenterally by subcutaneous injection
since the early 1930s. The parenteral route also offers the possibility of targeting
the drug directly to the site of action in a controlled manner.

6.3.2.1. Parenteral Drug Targeting

Increasing the specificity and effectiveness of drugs by combining the active
ingredient with a suitable delivery system is a major research objective in pharma-
ceutical engineering. As a rule, the active ingredients contained in a conventional
dosage form are distributed without sufficient distinction between biological
targets and a wide variety of sites, in accordance with their physicochemical
properties. Site-specific delivery can improve the therapeutic index of a drug by
optimizing the access, amplitude, and nature of interactions with the pharmaco-
logical receptor. Drug targeting can also protect the drug and the body from any
unwanted and deleterious disposition. Drug release rates can also be controlled
using a drug delivery device. The release rate can be reduced by delayed diffusion
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through a polymer matrix. This allows drugs with very short biological half-lives
(most peptide and protein drugs) and very narrow therapeutic indices to be
utilized. The advantages of a temporal controlled-release injectable system in-
clude maintaining constant levels of the drug in the body and eliminating patient
compliance as a variable in therapy.

Genetically engineered peptides and proteins, being very potent and expensive,
are ideal candidates for site-specific delivery. Peptide and protein drugs are
chemically similar or identical to the endogenous substances they are intended to
replace; therefore the body can metabolize them easily. Both plasma and tissue
peptidases are present in the body that attack and break down these drugs.
As they are subject to enzymatic degradation in the plasma, they may cause
immunological reactions and other side effects. For example, asparaginase is not
active for long periods in the treatment of acute leukemias.®’ Most peptide and
protein drugs have very short half-lives in the bloodstream, of the order of
seconds to hours.® The vasoactive drug angiotensin has a half-life of 15 seconds.
Oxytocin, which stimulates uterine motility, has a half-life of 2 minutes. The
antidiuretic vasopressin has a half-life of 4 minutes, and the half-life of insulin
is less than 25 minutes. The body normally produces biological response modifiers
on demand in close proximity (of the order of a few nanometers) to the site of
action; thus, degradation of these substances prior to their action is not a problem.
By encapsulating peptide and protein drugs in a targetable delivery device, they
will be protected from enzymatic degradation until they reach their target site.
Peptide and protein drugs are very potent, with therapeutic ranges in the submicro-
gram level. However, if these drugs are given conventionally and are distributed
throughout the body, large quantities are required to achieve therapeutic levels
at the site of action. Peptide and protein drugs, especially if present at high dosage
levels, may generate immune responses and other unwanted side effects. Drug
targeting can protect the drug and the body from unwanted and deleterious
disposition and interaction. The targeting of peptides and proteins may also be
necessary, as these molecules may be unable to leave the drug compartment to
reach their active sites owing to the large size of these molecules, which restricts
their ability to pass through the various membranes and barriers of the body.

6.3.2.2. Methods of Parenteral Targeting

Parenterally administered drug carrier systems are of two types: particulate carri-
ers (either capsular, monolithic, or cellular) and soluble carriers (macromolecular
drug conjugates). Particulate carrier systems include liposomes, microspheres,
nanoparticles, microemulsions, erythrocytes, and vaccines. Materials used to
prepare soluble drug complexes include both natural and synthetic polypeptides,
which are covalently linked to the drug. Both soluble and particulate drug carriers
are used for drug targeting. These systems may be passively targeted, according
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to their natural disposition, or they may be actively targeted using a site-specific
moiety attached to the carrier system.

The fate of intravenously administered colloidal particles is controlled by
particle size and particle surface properties. Particles larger than 7 wm are rapidly
entrapped in the fine capillary beds of the lung.*”* Particles 100 nm to 7 um
and macromolecules, which are hydrophobic or carry a net negative charge, are
rapidly taken up by the cells of the reticuloendoethelial system (RES), if they are
recognized as foreign.™ *’ The rapid and efficient uptake of large particles by the
lungs and small particles by the reticuloendoethelial system (RES) provides
opportunities for passive drug targeting.®

Passive Targeting. Passive targeting according to size is the simplest method of
parenteral targeting. Passive targeting to the RES can be utilized to treat diseases
of the RES (neoplasms, parasitic, viral, and bacterial infections) and for macro-
phage stimulation. Macrophage activating factors (such as modified lymphokines
and interferons), which activate the macrophage to the tumoricidal state, can be
incorporated into colloidal systems such as liposomes that will be taken up at
the active site (the macrophage). Fidler has successfully delivered liposomes
containing lymphokines that activate macrophages to abrogate the development
of micrometastases after surgical removal of a primary tumor.* Liposome-encap-
sulated muramyl dipeptide is currently in clinical trials, with the potential applica-
tion as a macrophage-stimulating factor (Ciba-Giegy).

Active Targeting. Active targeting includes coupling the drug or drug carrier
system to ligands such as erythrocyte membrane glycoproteins, native immuno-
globulins, and monoclonal antibodies to impart specificity and alter the natural
distribution of the carrier. For example, tumor-reactive antibodies have been used
in an attempt to target cytotoxic moieties to neoplastic cells™ (Figure 6.3).
Unfortunately, the use of monoclonal antibodies as targeting agents has met with
limited success, owing to difficulties in preserving the recognition ability in vivo.
Synthetic polymers have been chemically conjugated to peptides and proteins to
alter the pharmacodeposition of these drugs. These conjugates increase the appar-
ent size of the protein or reduce unwanted interactions with blood and tissue
components, or both. Conjugation with hydrophilic polymers is particularly
successful in reducing the immunogenicity and increasing the duration of action.

Problems Associated with Uptake and Intracellular Transport of Parenteral
Delivery Systems. As well as being an opportunity to passively target the RES,
the rapid sequestration of particulates by the cells of the RES is a major obstacle
to targeting other sites in the body. As a consequence, only a very small fraction
of administered drug carriers reach their target sites. A partial answer to this
problem is to coat carrier systems with hydrophilic surface active agents. The
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Figure 6.3. Schematic diagram of active targeting of an antibody—drug conjugate carrier
system, showing the affinity of the antibody for the target cell.

coating decreases their recognition and subsequent uptake by the cells of the
RES.

Another obstacle to particulate drug targeting is the inability of particulates to
cross the vascular endothelium. Only a few capillary membranes contain small
holes (fenestrae) 50 to 60 nm in size, which allow small particles and large
molecules to pass through. The parenchymal cells of the liver have sinusoidal or
discontinuous membranes with gaps of the order of 150 nm (sieve plates).
However, most particulate targeting systems must release their contents extracel-
lularly, decreasing the potential specificity and subjecting the drugs to possible
metabolic degradation prior to cellular uptake.

The intracellular transport of certain soluble drug-carrier complexes may occur
via endocytosis.”’ Endocytotic vesicles form at cell surfaces for the purpose of
transporting fluids (pinocytic vesicles) and solids (phagocytic vesicles) into the
cells, and through the cells to the opposite membrane. Receptor-mediated transcy-
totic routes exist for certain macromolecules, and these can be exploited for the
purpose of drug delivery. A receptor-mediated transcytotic route for albumin is
present in the continuous endothelia of the heart, lung, and diaphragm.”* Drug—
albumin complexes could be targeted via this mechanism. Studies are underway
to elucidate operational receptors and cell-surface markers that can be used to
translocate carriers and drugs through cell membranes.

6.3.2.3. Parenteral Drug Delivery Systems

Parenteral drug delivery systems include those intended for intravenous, intraart-
eriolar, intramuscular, subcutaneous, intraperitoneal, intraarticular, and intrathe-
cal use. The simplest form of delivery system for peptides and proteins is drug
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in a buffered aqueous solution. The appropriate dose is then injected intravenously
or subcutaneously according to the desired time pattern. However, the therapeutic
use of most peptides and proteins is hampered by short half-lives, metabolic
lability, immunological reactions, and the inability to achieve sufficient concen-
trations at the active site. Thus, targetable, prolonged-release carrier systems
capable of protecting the drug and the body from unwanted reactions are being
developed.

Soluble Carrier Systems. Soluble carrier systems include chemically modified
drugs, drug conjugates, and hybrid proteins. Peptide and protein complexes with
various polymers and lipids have been successful in increasing drug stability and
site specificity, while retaining the biological activity. Specific properties of target
cells have been utilized to achieve targeting. For example, antibodies specific for
a variant of cell-surface determinants can be complexed to drugs (Figure 6.3).
Drug conjugate systems may be active at the cell surface, or active following
endocytic capture by cells, or the active drug may be released from the conjugate
extracellularly in a controlled manner.”

Sophisticated site-specific molecules have been produced by site-directed muta-
genesis and hybrid fusion techniques. These molecules have increased half-lives
in the body and still retain their biological activity. Hybrid proteins that combine
the features of two or more proteins create drugs with the required target-recogni-
tion properties and pharmacological activity. Hybrid proteins may also have
increased stability and altered immunogenicity. These molecules are produced
either by synthetically linking protein fragments or by gene fusion. For example,
a portion of the interleukin-2 molecule that interacts with a receptor on T cells is
linked to a portion of diphtheria toxin. The resultant site-specific hybrid fusion
protein can enter and kill T cells, in the treatment of graft-versus-host disease.”

Particulate Carrier Systems. Various types of particulate carrier systems exist,
including liposomes, microspheres, nanoparticles, emulsions, red blood cells,
and viruses. These systems can either be passively targeted according to their
size or can be actively targeted by conjugation with a targetable moiety such as
monoclonal antibodies.

Liposomes. Liposomes have attracted a lot of attention, as their structure resem-
bles that of cell membranes. Liposomes are tiny spheres that are formed when
phospholipids are combined with water. These are lipid vesicles made up of one
or more lipid bilayers alternating with aqueous compartments™ (Figure 6.4).
Liposomes can be categorized as (1) small unilamellar vesicles (SUV), 25 to 70
nm, that consist of a single lipid bilayer; (2) large unilamellar vesicles (LUV),
100 to 400 nm in size, that also consist of a single lipid bilayer; and (3) multilamel-
lar vesicles (MLV), 200 nm to several microns, that consist of two or more
concentric bilayers. Liposomes are relatively unstable, have low drug-carrying
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Figure 6.4. Schematic diagram of liposomes: (a) small unilamellar liposome; (b) multila-
mellar liposome.

capacities, and tend to leak entrapped drug substances. The properties of lipo-
somes can be modified by the incorporation of various molecules into the phospho-
lipid bilayer such as cholesterol, cetylphosphate, and stearylalamine. The pres-
ence of cholesterol results in a more stable membrane. Stable, polymerized
liposomes composed of phospholipids with polymerizable moieties have been
developed. Liposomes passively target the Kupffer cells of the liver,” and have
been used to target drugs to the liver. SUVs may target the liver parenchymal cells,
as they are small enough to pass through the “sieve plates.” Immunoglobulins have
been attached to the surface of liposomes to actively target them to specific sites.
Liposomes are currently being tested as spatial-controlled delivery systems for
bioactive peptides and proteins such as the macrophage stimulating agent, mura-
myl dipeptide, and for enzyme replacement to treat genetic metabolic disorders.
For further information the reader is directed to Ostro’s tests.”

Microspheres. Microspheres are usually solid, approximately spherical particles
in the particle size range of 1 to 600 um, containing dispersed drug in either
solution or microcrystalline form. Microspheres are usually formed by emulsifi-
cation techniques in which the dispersed phase consists of droplets of polymer-
drug solution (either aqueous or nonaqueous) or a polymer solution with sus-
pended drug particles. The polymer droplets are cross-linked either chemically
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Figure 6.5. Schematic diagram of microencapsulated drug systems: (a) drug encapsu-
lated within a distinct capsule wall; (b) drug dispersed throughout the microcapsule in a
polymer matrix.

(using a reactive cross-linking agent), thermally, or by y-irradiation. The incorpo-
ration of drugs can be achieved by physical entrapment during production or by
covalent or ionic attachment. Drug-loading capacities are usually fairly high, up
to 50%. Microspheres may be prepared from natural polymers such as gelatin
and albumin®” ** and from synthetic polymers such as poly(lactic acid) and
poly(glycolic acid). The drug is either totally encapsulated within a distinct
capsule wall or is dispersed throughout the microsphere (Figure 6.5). Drug release
is controlled by dissolution and diffusion of the drug through the microsphere
matrix or the microcapsule wall.

Microspheres can be passively targeted to the lung capillaries (7-12 wm,
particles) or to the RES (1-7 um, particles) and can be actively targeted by the
attachment of specific receptor moieties such as monoclonal antibodies. Magnetic
microspheres composed of albumin and iron oxide have been used as a means of
targeting specific areas in the body in combination with the use of an external
magnet.” Polymeric microsphere systems have been reviewed by Davis et al.*
and by Oppenheim.'®

Nanoparticles. Nanoparticles are similar to microspheres but have particle sizes
in the nanometer range (10-1000 nm). Nanoparticles can be made from nonbiode-
gradable materials, such as methylmethacrylate'®' or from biodegradable materi-
als such as alkylcyanoacrylate'” and albumin. Nanoparticles can be used for
targeted delivery. Owing to their small size they can pass through the sinusoidal
spaces in the spleen and bone marrow. Monoclonal antibodies and other targeting
moieties can be attached to nanoparticles to increase their specificity.

Emulsions (Lipid Microspheres). Colloid-sized emulsion droplets are used for
parenteral drug delivery to solubilize water-insoluble drug substances, for con-
trolled and sustained release, and drug targeting. The stability and the fate of
parenterally administered emulsion droplets is dependent on the nature of the
emulsifying agent used. Lecithin is most frequently used to stabilize parenteral
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emulsions. Emulsion droplets are usually taken up by the cells of the RES.
Emulsions of vegetable oils are preferentially deposited in adipose tissue, lactating
mammary glands, and in myocardial muscle.'” Drug release from emulsions is
controlled by the droplet size of the dispersed phase and the emulsion viscosity.

Red Blood Cells. Human erythrocytes are under investigation for the delivery of
compounds to the body. Peptides and proteins can be introduced into erythrocytes
by a hypotonic exchange process. The red blood cells are placed in a hypotonic
solution that causes the cell membrane to become permeable. The peptide or
protein is added and the membrane is restabilized. The erythrocytes are taken up
by the RES and end up in the hepatic lysosomes. This is a useful system for
enzyme replacement in genetic metabolic disorders. A limitation to the application
of red blood cells is that they can only be used for drugs that are not susceptible
to irreversible denaturation under hypotonic conditions.

Viruses. Retroviral gene delivery systems have been developed to assist the entry
of genes into cells for the purpose of gene therapy.'™ Retroviral gene delivery
systems consist of an RNA copy of a gene package into a viral particle. These
provide an excellent alternative to physical methods of gene delivery, such as
direct injection into the nucleus. The basic concept of human gene therapy is that
functionally active genes are delivered into the somatic cells of a patient with a
genetic defect. This can be gene replacement, which involves specific correction
of a mutant gene sequence, or gene augmentation, in which a correctly functioning
gene is inserted into nonspecific sites in a genome, leaving the malfunctioning
gene alone.

A virus consists of an RNA-protein core encapsulated in a lipid envelope. The
viral glycoproteins bind with specific receptors on target cells, and the viral
envelope then fuses with the cell membrane, resulting in the introduction of the
RNA genome into the target cell cytoplasm. Nonreplicating viral vectors have
been developed that efficiently infect human cells.'” An RNA copy of a replace-
ment gene is packaged into a nonreplicating viral particle. When viral gene
delivery systems infect target cells, these cells express both the viral and the
exogenous genes. This process is not normally harmful to the target cells. Prob-
lems that may arise include the deletion of sequences during replication, recombi-
nation with endogenous viral sequences to produce infectious recombinant vi-
ruses, the activation of cellular oncogenes, the introduction of viral oncogenes,
and the inactivation of genes. The interested reader is referred to Wilson.'™

Preparation of Particulate Carrier Systems Suitable for Peptide and Protein
Drugs. The preparation of microcapsules, nanoparticles, liposomes, and microe-
mulsions usually involves at least one of several harsh conditions that may
denature proteins and peptide drugs. These are contact with an organic solvent;
heating during the process (temperatures of 120°C and above are often em-
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ployed'® '”'); the addition of chemical cross-linking agents (such as glutaralde-

hyde and formaldehyde); adverse pH conditions; the addition of surfactants; and
the application of y-irradiation.

Systems therefore must be developed that do not involve harsh conditions.
Albumin has been cross-linked under very mild conditions, without the use of
highly reactive chemicals, resulting in a delivery system that showed no loss of
peptide activity for both insulin and urokinase.'® '” Cross-linking albumin under
very mild conditions also provides a delivery system that is recognizable to the
body as albumin and therefore should not cause immunological reactions. A
drawback to this method is that the microspheres are very leaky, since they have
few cross-linkages.

An alginate-polylysine-alginate system has been developed that is suitable for
encapsulation of peptides and proteins."” The initial step in this process is to
suspend the drug in alginate gel beads, which protects the drug from degradation
on further chemical processing. A sodium alginate—drug solution is sprayed into
a calcium chloride solution. The calcium cross-links the alginate, forming calcium
alginate gel beads (Figure 6.6). The gel beads can be cross-linked with lysine
and then with a second layer of alginate.

Other Types of Parenteral Delivery Systems. The preceding microsphere, nano-
particle, liposome, microemulsion, erythrocyte, and vaccine systems may be
given intravenously, intraarterially, or as intramuscular or subcutaneous implants.
Other implant systems include automatic feedback minipumps, osmotic mini-
pumps, porous polymer fiber systems, and large capsular and tablet-type implants.
These systems are intended to release drugs for periods of up to 1 year. A hollow,
porous, polymer fiber system suitable for implantation has been developed for
Levonorgestrel.'"! The hormone was released at a continuous and stable rate for
approximately 6 months. One must be careful of the potential for denaturation or
aggregation of peptide and protein drugs that remain in the body for a long period
when using these types of systems.

Implantable systems have been designed that release drugs into the body on
demand. For example, small magnetic beads have been embedded in polymer
matrices along with the drug. Drug release rates from these systems can be
enhanced as much as 30 times by an oscillating external magnetic field.""” Ultra-
sonic waves can also be used to trigger drug release from polymer matrices.
Ultrasonic waves increase the bioerosion of biodegradable polymers, causing
cavitation effects that enhance drug release. pH-sensitive polymer systems have
been devised, for potential application at tissue sites with unusual pH, for exam-
ple, cancerous cells or tissues that undergo pH cycling (such as the vagina). An
osmotic minipump system has been developed for an adrenocorticotropic hor-
mone analogue for the regeneration of injured nerves. Osmotic pumps are com-
posed of a semipermeable membrane with a tiny orifice surrounding an osmotic
core reservoir containing the drug. Drug release is controlled by the osmotic
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pressure within the pump. As the osmotic pressure is increased, the drug is forced
out. Automatic feedback pumps have been successfully developed for insulin. A
system has been designed that increases the release of insulin in the presence of
excess glucose.” The enzyme glucose oxidase is immobilized within a cross-
linked ionizable polymeric membrane. Glucose oxidase catalyzes the conversion
of glucose to gluconic acid, which in turn can protonate amine groups within
the membrane’s network structure. The resultant electrostatic repulsion of the
positively charged amino groups causes expansion of the polymeric network
structure. Thus, faster delivery of insulin takes place in the presence of glucose,
and when the glucose level drops, the rate of release will be decreased.

6.4. Nonconventional Routes of Administration

Nonconventional routes of administration (such as transdermal, nasal, ocular,
buccal, rectal, intrauterine, and vaginal) are being investigated as alternatives to
the oral and parenteral routes for the delivery of peptides and proteins. These
routes avoid both the gastrointestinal enzymes and hepatic first-pass metabolism.
Peptidases are present in all of the membranes associated with the aforementioned
routes. However, compared with the gastrointestinal tract (GIT), the quantities
of enzymes present are much less. Absorption of large-molecular-weight peptides
and proteins across the various epithelial barriers associated with these alternative
routes are as much of a problem as in the GIT.

6.4.1. Transdermal

Until recently, the skin was used as a route of administration only for treatment
of local diseases of the skin. However, with an increased understanding of the
anatomy and physiology of the skin, and of percutaneous absorption, this route
is now being considered for systemic drug delivery. The transdermal route has
several advantages, such as avoidance of hepatic first-pass metabolism, ease of
termination of dosing, decreased frequency of dosing, and improved patient
compliance. Disadvantages include high intra- and intersubject variability in skin
permeation and a low rate of permeation for most drugs.

The stratum corneum is responsible for the low permeability of skin. The
stratum corneum is made up of multilayers of horny cells that are compacted,
flattened, and keratinized. The water of the stratum corneum is only 20%. Drug
transport across the stratum corneum may be transcellular, intercellular, and
appendageal. For most compounds the intercellular route is the predominating
path.'” Interference with the packing of the intercellular lipid lamellae can
significantly reduce the diffusional resistance of drugs in the stratum corneum.

Peptides and proteins have particular difficulty in penetrating the stratum
corneum, owing to their hydrophilicity, ionic character, and large molecular
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weight. Drug penetration can be improved using penetration enhancers such as
azone and fatty acids, and by techniques such as iontophoresis and phonophoresis.

6.4.1.1. lontophoresis

Iontophoresis is defined as the migration of ions when an electric current is passed
through a solution containing ionized species. Drugs in the ionic form can be
“phoresed” with a small current and driven into the body. To undergo ionto-
phoresis the peptide and protein molecules must carry a charge. This can be done
by controlling the pH and ionic strength of the solution. The drug is contained in
a gauze pad that is applied to the skin under an electrode of the same charge as
the drug. The other electrode (of opposite charge) is placed on a gauze pad soaked
in saline at a distal location of the body. A small current, below the patient’s pain
threshold, is allowed to flow for a sufficient period of time. It has been shown
that insulin can be administered through intact hairless rat skin under iontophoresis
using direct current.'"* The rate and extent of delivery of TRH has also been
improved by this method.'"

Disadvantages associated with this method of transdermal delivery include the
possibility of burning of the skin (even at low voltages) and denaturation of the
peptides and proteins. If pH will need to be changed to achieve a suitable charge
for iontophoresis, a loss of quaternary and tertiary structure, and possibly even
secondary structure, may result. The process of iontophoresis itself, which can
generate a considerable amount of heat, may also result in denaturation of peptide
and protein drugs.

6.4.1.2. Phonophoresis

Phonophoresis is also used to enhance drug delivery through the skin. Ultrasound
is applied via a coupling-contact agent to the skin. Ultrasonic waves cause thermal
effects and temporary alterations in the physical structure of the skin,''® thereby
increasing drug absorption. The heat generated during this process may be suffi-
cient to denature peptide and protein drugs.

6.4.1.3. Penetration Enhancers

Penetration enhancers such as azone and oleic acid have been used to enhance
drug absorption through the skin. These molecules fluidize the intercellular lipid
lamellae of the stratum corneum.''’ Fatty acids disrupt the packed structure of
the lipids in the extracellular spaces. However, skin irritation is a major limiting
factor to the use of currently available penetration enhancers.

6.4.1.4. Prodrugs

The use of prodrugs to improve transdermal absorption is a viable option, espe-
cially for small peptides. The skin contains a multitude of enzymes that can be
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utilized to regenerate the active drug. Several peptides and proteins such as TRH,
LHRH, neurotensin, and fibrinopeptides possess a terminal pyroglutamyl residue.
This residue can be readily derivatized to produce prodrugs with enhanced trans-
dermal permeability, which will undergo spontaneous hydrolysis at physiological
pH, regenerating the active drug.

6.4.2. Nasal

The nasal mucosa is an attractive option for the delivery of peptide and protein
drugs. As reviewed by Su,'" the nasal route is convenient; there is a large surface
area available for absorption; the mucosa is highly vascularized; hepatic first-pass
metabolism is avoided; and self medication is possible. Compared with other
routes such as oral and transdermal, the nasal cavity has a relatively high perme-
ability for peptides. Small peptides such as enkephalin analogues,'' calcitonin, '
and ACTH,"" and even polypeptides such as insulin'** and proteins such as
interferon,'”’ have been shown to be absorbed efficiently by the nasal mucosa.
Pituitary hormones such as oxytocin and vasopressin have been administered by
the nasal route for many years.'"™ The bioavailability of peptides via the nasal
route is of the order of 1 to 20%, depending on the molecular weight and
physicochemical properties of the peptide, and can be extremely variable.'”
Absorption enhancers are used to increase the permeation and to decrease the
relatively high peptidase activity in the nasal mucosa. Disadvantages of the nasal
route include individual variations in mucous secretion and turnover, which affect
the extent of absorption; peptidases present in the nasal membrane, which act as
an enzymatic barrier to peptide absorption; alteration in absorption, which may
occur with disease states such as upper respiratory tract infections and allergic
and chronic rhinitis; and the penetration enhancers and preservatives used in nasal
formulations may cause severe damage to the mucosal cell membrane and may
be ciliotoxic.

The nasal cavity is made up of different types of epithelia. The most anterior
portion of the nasal cavity, the vestibule, which is 3 to 4% of the total surface area,
is lined with stratified squamous epithelia. The respiratory epithelium comprises
ciliated cuboidal and columnar cells, and goblet cells. The olfactory epithelium
is pseudostratified neuroepithelium. Clearance of drug formulations from the
nasal cavity is a problem. In the nonciliated anterior part of the nasal cavity,
clearance is relatively slow; however, in the posterior part of the nasal cavity,
where the mucus flow rate is approximately 6 to 10 mm min™ ' clearance is of the
order of 10 to 15 minutes. Thus, to reduce clearance, nasal sprays are designed
to deposit mainly in the anterior portion of the nasal cavity.

Absorption of peptides and proteins through the nasal mucosa can be improved
by penetration enhancers such as bile salts, other surface active agents, and
chelating agents. These penetration enhancers work by increasing the fluidity of
the lipid bilayer membrane,'*’ and by opening aqueous pores as a result of calcium
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ion chelation. Peptidase inhibitors can also enhance the absorption of peptides
and proteins by decreasing peptidase activity in the mucus itself and within the
mucosal cells.'” However, penetration enhancers can damage the nasal mucosa
and may be ciliotoxic. For example, surfactants such as laureth-9 damage mem-
branes by dissolving the membrane lipids or proteins, resulting in cell erosion,
cell to cell separation, and the loss of cilia.'” Promoters such as oleic acid,
linoleic acid, salicylic acid, and their salts appear to enhance absorption safely.
Microscopic observations do not show the severe damage that occurs with surfac-
tants. The effect of these agents is readily reversible within 15 to 20 minutes after
washing. For example, sodium taurodihydrofusidate, a derivative of fusidic acid,
is an excellent enhancer of insulin absorption across the nasal mucosa and is
nontoxic both locally and systemically. The nasal epithelial layer serves as a
defense against infecting organisms and therefore loss or damage of this layer
can cause sever<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>