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G e n e t i c  Engineering Technology has  m a d e  possible t h e  manipulat ion 
of g e n e t i c  information a n d  h a s  been descr ibed as t h e  new revolut ion in 

science.  I t  is responsible for t h e  deve lopment  of n e w  industr ia l  appli-  

ca t ions  and  a r e a s  of basic research .  In t h e  pharmaceut ica l  f ie ld ,  a lone,  

i t  has  appl icat ions to t h e  production of na tura l  and  s y n t h e t i c  drugs 
(proteins/enzymes)  at levels  t h a t  c a n  not  b e  achieved  by convent ional  
methods.  I t  c a n  be appl ied diagnost ical ly  to detect disease or  t h e  
poten t ia l i ty  of disease. Not  only is i t  being used to improve  industr ia l  
processes  for  t h e  production of c u r r e n t  rnarket  drugs,  but  will a l s o  
g e n e r a t e  novel drugs f o r  t h e  fu ture .  T h e r e  is a l so  t h e  poten t ia l  t h a t  
th i s  technology will c o r r e c t  d e f e c t i v e  genes  in humans with g e n e t i c  
diseases.  In addition, th i s  technology has  numerous appl icat ions f o r  

agr icul tural ,  chemica l  and  o t h e r  industries.  G e n e t i c  engineer ing is  not  
a single technique  but  r e p r e s e n t s  a co l lec t ion  of i n t e r r e l a t e d  techniques,  
including recombinant  DNA technologies.  T h e  principles of g e n e t i c  
engineer ing will b e  highlighted in t h i s  review. 

INTRODUCTION 

Imagine yourself search ing  for a single  s e n t e n c e  of approximate ly  20 
words in a l ibrary of 2,500 books. L e t  us m a k e  i t  m o r e  diff icul t .  Assume 
t h a t  you do not  know in which book th is  s e n t e n c e  is l o c a t e d  o r  e v e n  in 
w h a t  p a r t  of t h e  l ibrary to begin looking. In fact, you d o  n o t  know w h a t  
t h e  words a r e  in t h e  sen tence ;  only t h e  genera l  meaning of t h e  s e n t e n c e  is 
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understood. Does this  s i tua t ion  sound like a hopeless  task?  This is 

analogous to t h e  problem of loca t ing  a n d  isolat ing a single  unique gene  
f r o m  a human cel l .  Before  t h e  a d v e n t  of recombinant  DNA techniques  th i s  
problem was insoluble. However ,  t o d a y  through t h e  deve lopment  of 

recombinant  DNA technology i t  is possible to ident i fy ,  enr ich  and  ampl i fy  
c o m p l e t e  genes  f r o m  t h e  cel l  of any  organism.  G e n e t i c  engineer ing 
employs i n t e g r a t e d  techniques in microbiology, molecular  biology and  
includes recombinant  DNA technologies.  T h e  implicat ion of g e n e t i c  
engineer ing is to  de l ibera te ly  a l t e r  t h e  expression of g e n e t i c  t r a i t s  of 
a c e l l  o r  a n  organism. 

Through t h e  appl icat ion of recornbinant  DNA and g e n e t i c  engineer ing 
technologies  t h e  approaches  f o r  d e t e c t i n g  disease,  f o r  developing new 
drugs f o r  t r e a t i n g  d isease  and  t h e  methods  f o r  drug  manufac tur ing  h a v e  

been advanced. T h e  purpose of th i s  rev iew i s  to highlight t h e  pr inciples  

of t h e s e  technologies  a n d  to descr ibe  s o m e  of t h e  methods  employed. 

GENES AND GENE EXPRESSION 

A fundarnental  knowledge of heredi ty  and  t h e  expression of g e n e t i c  

t r a i t s  is necessary  in o r d e r  to a p p r e c i a t e  t h e  principles of g e n e t i c  
engineering. DNA (deoxyribonucleic acid)  is t h e  molecule  t h a t  encodes  
a l l  of t h e  g e n e t i c  c h a r a c t e r i s t i c s  of a ce l l  a n d  of a n  organism. DNA is 
composed of a polymer of nucleot ides  a t t a c h e d  to a ribose sugar-phosphate  

backbone (Figure I). T h e r e  a r e  four  d i f f e r e n t  nucleot ides ,  deoxyadenylate ,  
deoxyguanylate ,  deoxycyt idyla te  and deoxythymidylate .  DNA is normally 
in a double polynucleotide s t r a n d  (double-stranded) configurat ion.  T h e  
s t rands  are held t o g e t h e r  by noncovalent  interact ions.  Each  nuc leo t ide  on 
o n e  s t r a n d  has  a c o m p l e m e n t a r y  nucleot ide on t h e  oppos i te  s t rand .  T h e  
c o m p l e m e n t  of deoxyadenyla te  is deoxyguanylate  t h e  c o m p l e m e n t  of 

deoxycyt idylate  is deoxythymidylate  and  vice-versa.  I t  is t h e  l inear  
sequence  of nucleot ides  t h a t  c o d e s  f o r  a l l  g e n e t i c  t ra i t s .  T h e  sequence  of 
nucleot ides  is organized i n t o  uni t s  of information ca l led  genes.  Each  g e n e  
encodes  o n e  t r a i t .  T h e r e  a r e  except ions  w h e r e  o n e  g e n e  encodes  s e v e r a l  

t ra i t s ,  bu t  f o r  t h e  purposes of this  rev iew w e  will a s s u m e  t h a t  th i s  
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FIGURE I 

Figure I depicts  gene expression. The  coding s t rand of double-stranded 
DNA is f i rs t  t ranscr ibed into a rnRNA molecule. The mRNA is subse- 
quently t ranslated into protein. 

s t a t emen t  is cor rec t .  The  to t a l  number of genes tha t  describes a n  organism 
is re fer red  to as t h e  genome. 

The  genet ic  information is  t ransfer red  faithfully f rom one  ce l l  

generat ion to t h e  next  by a process of DNA replication. During DNA 
replication both s t rands of t h e  DNA a r e  copied by enzymes,  DNA poly- 
merases,  into identical  DNA strands.  When a cell  divides, each  daughter 
ce l l  receives identical  DNA copies. In addition to retaining t h e  gene t ic  
code,  t h e  DNA must  a lso express  this  information at t h e  appropriate  t ime.  
The  decoding process occurs  in sequential  s teps ,  outlined in Figure I.  The 
DNA becomes relaxed producing a localized region where i t  is single- 
stranded. The exposed gene  i s  transcribed into a RNA (ribonucleic acid)  
molecule complementary to one  of t h e  DNA s t rands  re fer red  to as t h e  
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coding-strand. T h e  e n z y m e s  t h a t  synthes ize  t h e  R N A  a r e  RNA poly- 
merases .  RNA has a s imilar  chemica l  composi t ion to DNA. Because  t h e  
RNA has a nucleot ide s e q u e n c e  t h a t  is c o m p l e m e n t a r y  to  t h e  DNA nucleo- 

t i d e  sequence  of t h e  gene ,  it  acts as a messenger  of in format ion  and  is 
ca l led  messenger  RNA (mRNA). Ribosomes a r e  subcel lular  s t r u c t u r e s  t h a t  
bind to t h e  beginning of t h e  mRNA and r e a d  t h e  sequence  in  groups of 3 

nucleot ides  (codon). Each  codon is t r a n s l a t e d  in to  a unique arnino acid.  
Using a l l  4 nucleotides,  in combinat ions of 3, t h e r e  a r e  64 d i f f e r e n t  

codons t h a t  e n c o d e  20 d i f f e r e n t  amino  acids.  T h e  fact t h a t  e a c h  a m i n o  
ac id  is encoded  by m o r e  t h a n  o n e  codon is indica t ive  of a d e g e n e r a t e  
code.  However ,  t h e  g e n e t i c  c o d e  is unambiguous in t h a t  e a c h  codon only 
encodes  o n e  amino  acid.  The  a m i n o  a c i d s  a r e  covalen t ly  l inked by a m i d e  
bonds t h a t  form t h e  backbone of proteins.  T h e  func t ion  of e a c h  protein is 

de te rmined  by t h e  s e q u e n c e  of amino a c i d s  which is in t u r n  de te rmined  by 
t h e  sequence  of nucleot ides  in t h e  gene.  S o m e  pro te ins  a r e  s t r u c t u r a l  and 
cont r ibu te  to cy toske le ta l  and  t i s sue  s t r u c t u r e .  O t h e r  proteins  a r e  
e n z y m a t i c  and cont ro l  anabol ic  or ca tabol ic  pathways.  Pro te in  represents  
t h e  end-product of gene  expression or  t h e  decoding process.  

In order  to gain insight i n t o  t h e  fundamenta ls  of heredi ty  and  t h e  
regulat ion of g e n e  expression i t  is  o f t e n  necessary  to have  l a r g e  quant i t ies  

of a pure g e n e  for analysis.  B e r a u s e  of t h e  complexi ty  of procaryot ic  and  

e u c a r y o t i c  genomes,  e x t r e m e l y  powerful methods  m u s t  be ava i lab le  in o r d e r  

to ident i fy ,  enr ich  and ampl i fy  a g e n e  of in te res t .  F o r  example ,  t h e  
genome of t h e  b a c t e r i a  Escherichia  - col i  encodes  approximate ly  4,000 
d i f fe ren t  genes.  In o r d e r  to per form unambiguous analysis  on o n e  of t h e s e  
genes  i t  is essent ia l  to r e m o v e  t h e  o t h e r  3,999 unwanted genes.  In addi t ion,  
i t  is a l so  necessary  to ampl i fy  t h e  enr iched  g e n e  to a level  t h a t  permi ts  

detect ion.  The  amplif icat ion c a n  be o n  t h e  o r d e r  of 1 0 l 2  to 1014 copies  
depending upon t h e  par t icu lar  ana lyses  being performed.  T h e  leve l  of 
diff icul ty  is o rders  of magni tude  g r e a t e r  when deal ing wi th  a g e n o m e  of a 

higher e u c a r y o t e  such as man,  which has  t h e  c a p a c i t y  to e n c o d e  approxi- 
m a t e l y  6 million genes.  T h e  techniques  t h a t  ident i fy ,  enr ich  and  ampl i fy  
spec i f ic  DNA sequences,  a r e  col lect ively re fer red  to as recombinant  DNA 
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GENETIC ENGINEERING TECHNOLOGY 1077 

technology. These  techniques  have  been developed,  f o r  t h e  m o s t  p a r t  
independently,  during t h e  l a s t  30 years  and cont inue  to  b e  refined. 

GENE CLONING 

This sec t ion  will descr ibe s o m e  of t h e  techniques of recombinant  
DNA technology to i l lus t ra te  t h e  genera l  s c h e m e  of gene  cloning. 

convent ional  m e t h o d s t ,  t h e  n e x t  s t e p  is  to f r a g m e n t  t h e  DNA to a smal le r  
m o r e  manageable  size.  This is per formed by res t r ic t ion  endonucleases  
( res t r ic t ion enzymes)  t h a t  recognize  unique nuc leo t ide  sequences  (rest r ic-  

t ion s i tes) ,  usually 4 or 6 nucleot ides  in length  and produce double-stranded 
breaks  in  t h e  DNA2. Many res t r ic t ion  e n z y m e s  produce s t a g g e r e d  breaks  
in t h e  DNA resul t ing in  single-stranded se l f -complementary  ends ,  r e f e r r e d  
to as "sticky-ends." T h e  "sticky-ends" c a n  be annea led  with "sticky-ends" 
on a n y  DNA f r a g m e n t  g e n e r a t e d  by t h e  s a m e  res t r ic t ion  enzyme.  The  DNA 
f r a g m e n t s  g e n e r a t e d  by res t r ic t ion  endonuclease  t r e a t m e n t  c a n  b e  

s e p a r a t e d  by size f rac t iona t ion  using e l e c t r o p h o r e t i c  techniques.  F igure  

I1 shows a res t r ic t ion  e n z y m e  profi le  of a human a- in te r fe ron  g e n e  a f t e r  
t r e a t m e n t  wi th  d i f f e r e n t  res t r ic t ion  enzymes .  T h e  f r a g m e n t e d  DNA is 
e lec t rophoresed  in a n  acry lamide  gel  and is visualized by s ta ining with 
ethidium bromide which f luoresces  when subjec ted  to ul t ra-violet  light. 
T h e  smal le r  DNA f r a g m e n t s  local ized at t h e  bot tom of t h e  profile,  m i g r a t e  
f a s t e r  t h a n  la rger  f r a g m e n t s  during e lec t rophores i s ,  thus,  a f f e c t i n g  t h e  
size fract ionat ion.  As i l lustrated by th i s  f igure,  d i f f e r e n t  res t r ic t ion  

e n z y m e s  recognize  d i f f e r e n t  res t r ic t ion  sites a long  t h e  s a m e  DNA molecule  
and produce d i f f e r e n t  numbers  and s izes  of f ragments .  T h e  res t r ic t ion  
prof i le  is c h a r a c t e r i s t i c  f o r  e a c h  DNA molecule  and  provides a powerful  
tool for DNA analysis. 

Having isolated genotnic  DNA f r o m  c e l l  suspensions or t issues  using 

A f t e r  t h e  genomic  DNA has been d iges ted  with res t r ic t ion  e n z y m e  
t h e  DNA f r a g m e n t s  a r e  joined to a v e c t o r  DNA molecule  c u t  with t h e  

s a m e  res t r ic t ion  enzyme.  T h e  v e c t o r  is capable  of au tonomous  DNA 
repl icat ion in a n  appropr ia te  cel lular  host. DNA f r a g m e n t s  t h a t  a r e  joined 
to t h e  v e c t o r  DNA are passively rep l ica ted ,  o r  copied,  a long with t h e  
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1 2 3 4 5 6 7 8 9  

FIGURE I1 

A res t r ic t ion  endonuclease prof i le  of human - interferon DNA. Res t r ic -  
t ion  endonucleases  used: Bam HI, lane  1; Alu I ,  l ane  2; Hind 111, l a n e  3; 
H a e  111, l a n e  4; Dde  I, l a n e  5; Sau 961, l a n e  6; Cfo I, l ane  7; Pst I, l a n e  8; 
Pst I and Bgl 11, l a n e  9. 

vector .  In addi t ion to being self-repl icat ing,  v e c t o r s  usually have  s e v e r a l  
o t h e r  impor tan t  fea tures .  A unique res t r ic t ion  site in t h e  v e c t o r  a l lows f o r  

si inple reconstruct ion a f t e r  t h e  vec tor  is c leaved  wi th  t h e  res t r ic t ion  

enzyme.  Recons t ruc t ion  of t h e  vec tor  is m o r e  complex  if t h e  v e c t o r  has  
mult iple  res t r ic t ion  sites recognized by t h e  s a m e  res t r ic t ion  enzyme.  
Se lec tab le  genes  encoded  by t h e  vec tor ,  such as drug  res i s tance  markers ,  
are part icular ly  valuable  f o r  d e t e c t i o n  and se lec t ion  of t h e  vec tor  in t h e  
host.  In bac ter ia l ,  fungal  and  plant  c e l l  c u l t u r e  sys tems,  t h e  v e c t o r  is 
e i t h e r  a plasmid3,4,%6 or phage7 DNA molecule.  In an imal  ce l l  c u l t u r e  
sys tems t h e  v e c t o r  is usually a modified a n i m a l  virus DNA.8 Vectors  h a v e  
been  cons t ruc ted  t h a t  c o n t a i n  port ions of DNA f r o m  bac ter ia l ,  fungal  and  
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animal  vectors .  These  mixed vectors ,  r e f e r r e d  to as s h u t t l e  vec tors9 ,  h a v e  
t h e  abi l i ty  to r e p l i c a t e  in hosts  f r o m  which t h e  vec tor  DNA is derived. 
They a r e  useful f o r  t ransfer r ing  g e n e t i c  information be tween spec ies  a n d  
Kingdoms. 

T h e  res t r ic t ion  e n z y m e  c leaved  genomic  and  v e c t o r  DNA a r e  mixed 
and t h e  "sticky-ends" a r e  annea led  (Figure 111). T h e  hybrid,  o r  

recombinant  molecules  c a n  t h e n  be covalen t ly  joined by t r e a t m e n t  wi th  
DNA l igase. lo  The  hybrid v e c t o r  DNA is  in t roduced  i n t o  t h e  cel lular  hos t  
by a process  of DNA t ransformat ion .  For bac ter ia l  s y s t e m s  t h e  ce l l s  a r e  

t r e a t e d  with ca lc ium and "heat-shocked." In t h e  case of a plasmid v e c t o r  

i t  forms  a s t a b l e  repl icat ing associate within t h e  host.  T h e  phage  vec tor ,  
on t h e  o t h e r  hand, usually packages  i t s  rep l ica ted  DNA i n t o  protein 
par t ic les  t h a t  a r e  re leased  f r o m  t h e  bac ter ium as infect ious phage. A 

similar  DNA t ransformat ion  procedure  is employed f o r  an imal  cells.12 
T h e  v e c t o r  a l so  forms  a s t a b l e  repl icat ing a s s o c i a t e  in t h e  an imal  cell .  

Because t h e  e f f ic iency  of DNA t ransformat ion  is low t h e  probabi l i ty  
of a hos t  receiving m o r e  t h a n  o n e  hybrid vec tor  is e x t r e m e l y  unlikely. 
Therefore ,  e a c h  c lone  f r o m  a cel lular  host  t ransforrned wi th  DNA conta ins  

only one  kind of hybrid vec tor  and,  thus,  only o n e  genomic  f r a g m e n t .  By 
inser t ion of a single genomic  DNA f r a g m e n t  i n t o  a v e c t o r  and amplif ica-  

t ion within t h e  hos t  t h e  spec i f ic  genomic  f r a g m e n t  is g r e a t l y  enr iched.  

From this  c o n c e p t  t h e  t e r m  g e n e  cloning is derived. However ,  s i n c e  a l l  
t h e  DNA f r a g m e n t s  of a g e n o m e  a r e  l iga ted  to a vec tor ,  t h e  product  of 
DNA t ransformat ion  is  thousands of d i f f e r e n t  recombinant  ce l l  c lones.  
T h e  a c t u a l  number of c lones  depends on t h e  size of t h e  genome.  I f ,  
f o r  example,  t h e  -- E. col i  g e n o m e  is t r e a t e d  with a res t r ic t ion  e n z y m e  

t h a t  c u t s  t h e  DNA i n t o  1,000 f r a g m e n t s  a n d  t h e s e  f r a g m e n t s  are joined 
to a vec tor ,  t h e n  t h e r e  will b e  1,000 d i f f e r e n t  c lones  a f t e r  t ransformat ion  

of t h e  hos t  wi th  t h e  hybrid vec tor  DNA. Only o n e  of t h e  recombinant  
c lones  will conta in  t h e  genomic  f r a g m e n t  of in te res t .  T h e  n e x t  obvious 
s t e p  is to devise  a screening  procedure  to detect t h e  c l o n e  of in te res t .  
T h e  s c r e e n  is o f t e n  t h e  most  labor-intensive s t e p  in  t h e  cloning 
procedure.  
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Genomic DNA Vector DNA 

d o r i  

u....u 
M 

4 Restriction 
Enzyme 

m 
M ori 

Anneal and Ligate 

1 
1 4  +I 

DNA Transformation 
of Cellular Host 1 

Individual 
Clones 

FIGURE 111 

Figure 111 is an outline of the  manipulations used during cloning and 
selecting restr ic t ion endonuclease f ragments  f rom genomic DNA. On t h e  
vector ,  M represents  a se lec tab le  gene  marker  and ori represents  t h e  
origin of DNA replication fo r  t h e  vector.  Arrows indicate  res t r ic t ion 
endonuclease si tes.  

To develop a successful sc reen  requires a fundamental  knowledge of 

t h e  gene or  gene product. Two general  screening procedures a r e  employed 
to identify a specif ic  recombinant clone. One  procedure rel ies  upon de tec-  
t ion of t h e  protein product of t h e  cloned gene7 and t h e  o ther  relies upon 
de tec t ing  t h e  nucleotide sequence of t h e  gene  of in te res t . l3  If a screen 
relies on t h e  detect ion of t h e  gene product i t  is reasonable to assume t h a t  
t he  cloned gene must  be expressed in t h e  host-vector system. However,  

because of complications related to t h e  expression of heterologous genes in 

host-vector systems, this  assumption c a n  not always be  made. Neverthe- 
less this s t ra tegy  has been successful for  identifying many recombinant 
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clones. For  example,  a simple screen t h a t  would identify t h e  gene  t h a t  

encodes resis tance t o  ampicillin could rely on detect ion of t h e  gene  
product. Transformation of an  ampicillin sensit ive bacter ia l  host  with 
cloned genomic DNA from ampicillin res is tant  bac te r ia  and culturing these  
t ransformants  in t h e  presence of t h e  ant ibiot ic  will select for  clones t h a t  
a r e  resistant to t h e  drug. Clones t h a t  have acquired ampicillin res is tance 
car ry  t h e  hybrid vector t h a t  expresses  t h e  ampicillin res is tance gene. 
Alternatively,  a DNA or RNA probe can  be isolated or synthesized t h a t  is 

complementary to  t h e  nucleotide sequence of the  gene  of interest .  The 
probe can  be radiolabeled and annealed to t h e  DNA of individual clones. 
Clones t h a t  re ta in  t h e  radioactive probe contain DN 4 sequences 
complementary to t h e  probe and,  therefore ,  car ry  tt e gene  of interest .  

The consequences of these  cloning procedures I r e  enr ichment  and 
amplification of a genomic DNA sequence. In typical  -- E. coli  plasmid 
vector or  phage vector  preparations this  means t h a t  t h e  genomic sequence 
is amplified from 1010 t o  1011 copies per milliliter of unconcentrated 
bacter ia l  lysate.  The degree  of enrichment ,  as would be ant ic ipated,  is 
dependent upon t h e  genome s i z e  and is usually appreciable due to t h e  
elimination of unwanted background DNA. For  example,  a DNA f ragment  

isolated from a human ce l l  (3 X 10l2 daltons of DNA) and inser ted into 
t h e  plasmid vector  pBR322 (2.3 X lo6 daltons of DNA) would be  enriched 
approximately 106-fold. Collectively,  these  techniques can  isolate  a 
single gene  from any cell  source  and produce enough copies of t h a t  gene 
to make almost  any  analysis possible. 

The general  method of gene  cloning described above is e f f ec t ive  
when t h e  genomic DNA is f rom a procaryot ic  organism. Procaryot ic  gene  
sequences a r e  re la t ively simple and colinear with t h e  protein sequences 
they  encode (Figure IV). However, in higher eucaryot ic  organisms, t h e  
coding sequences (exons) a r e  somet imes  interrupted by noncoding DNA 
(introns). The eucaryot ic  gene is transcribed f i r s t  in to  a mRNA molecule 
t h a t  re ta ins  t h e  introns. Splicing and joining enzymes subsequently 
remove t h e  introns to genera te  a mature  mRNA. These enzymes a r e  not 
synthesized in procaryotes.  The  mature  rnRNA is then  t ranslated in to  
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Gene-Protein Colinear 
P Coding Segment 

4 Tranbcription 

wVuuUUV mRNA 

4 
Crrrrrrrrn Protein 

Gene-Protein Noncolinear 
P Coding Segments (Exon) 

/ I \  

\ NonCoding Segment (Intron) 

4 Tranbcription 

mRNA 

4 E L n g  

mRNA 

4 Translation 
Protein 

FIGURE I V  

Figure IV illustrii.es uninterrupted coding sequences where t h e  gene and 
protein a r e  colinear and interrupted coding sequences where t h e  gene  and  
protein a r e  not colinear.  P represents  t h e  transcriptional promoter  for  
t h e  gene. 

protein t h a t  is colinear with t h e  mature  mRNA but not with t h e  gene 
sequence. The diff icul ty  ar ises  when t h e  eucaryot ic  gene is cloned using 

t h e  above approach into a procarot ic  host. Because t h e  procaryot ic  host  
does not have splicing and joining enzymes to remove  introns,  t h e  mRNA 
will encode additional amino acids  t h a t  will produce a nonfunctional 
protein. In order  to circumvent  this  problem a complementary DNA 
(cDNA) copy can  be made  f rom matu re  mRNA isolated from t h e  
eucaryot ic  cell. The cDNA copy is t hen  inserted in to  a vector  and 
cloned. The  cDNA because i t  is a copy of t h e  ma tu re  mRNA expresses 

a functional protein regardless of t h e  host. 
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LINEAR 
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0 REVERSE TRANSCRIPTASE 

-AAAAAA 
1 
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1 
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1 

mRNA - cDNA 

ALKALINE HYDROLYSIS 

SINGLE-STRANDED L ( d T ) 1 2 - l e  
cDNA 

DNA POLYMERASE I 

I 
IR 

(67)12-18 
DOUBLE-STRANDED 
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T.tR - 

TERMINAL TRANSFERASE 
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cDNA 
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STRANDED cDNA dCdCdCdCm (dT)l2.18 dCdCdCdC dGdGdGdG- 

dC-TAILED DOUBLE 

FIGURE V 

Schematic  Representat ion of s teps  used during cDNA cloning. 

The methods of cDNA cloning a r e  outlined in Figure V.14 Mature 
mRNA is ex t r ac t ed  f rom cells or  tissues. The majority of these  mRNA 
species  have a homopolymer s t r e t c h  of deoxyadenylate at t h e  end of t h e  
molecules. To t h e  mRNA Is added an  oligonucleotide of deoxythymidylate 
(oligo-dT12,lg) t h a t  anneals  to t h e  homopolymer end of t h e  mRNA. The  
olignonucleotide acts as a primer to synthesize t h e  f i r s t  s t rand  of cDNA. 
Reverse t ranscr iptase is an  RNA dependent DNA polymerase t h a t  synthe- 

s izes  a DNA molecule complementary to t h e  mRNA. The mRNA is then 
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removed by an alkaline t r ea tmen t .  The second cDNA s t rand  is synthesized 

complementary to t h e  f i r s t  using DNA polymerase I. The hairpin-loop 
formed during cDNA synthesis must be  removed in order  to inser t  t h e  
cDNA molecule in to  a vector.  S 1  nuclease is an  enzyme t h a t  hydrolyzes 
single-stranded nucleic acids and will remove t h e  hairpin s t ruc ture .  
t'Sticky-ends't a r e  then synthesized by t h e  ac t ion  of terminal  deoxynucleo- 
tidy1 transferase.  Usually t h e  "sticky-end" is a homopolymer of 
deoxycytidylate. In parallel, a vector  DNA is linearized by t h e  ac t ion  of 
a restr ic t ion enzyme (Pst  I) and a homopolymer of deoxyguanylate is 
synthesized complementary to t h e  "sticky-ends" of t h e  cDNA. The  cDNA 

and vector  a r e  annealed and t h e  hybrid molecules are introduced in to  t h e  
appropriate  host by DNA transformation. Selection of the  co r rec t  
recombinant clone is  as described above. 

I t  is also possible to  chemically synthesize a DNA sequence o r  gene. 
If a l l  or par t  of t h e  amino acid sequence of a protein is available,  t he  DIdA 

sequence can  be determined f rom t h e  gene t ic  code. There a r e  several  
chemical  methods for  synthesizing a DNA sequence.15 If t h e  protein is 
relatively small, t h e  en t i r e  gene  can be  synthesized. This has been 
performed for t h e  hormone somatos ta t in , l6  for  human insulin17 and  for  
t h e  lymphokine interleukin-2.18 If t he  protein is very large,  i t  may  not 

be pract ical  to synthesize t h e  en t i r e  gene. However, a portion of t h e  
gene  can be synthesized and used as a probe to screen  for  t h e  recom- 
binant c lone or  used as a specif ic  primer in cDNA synthesis. The  
chemistry has been au tomated  ("gene-machines") which makes this  science 
available to a larger  group of researchers.  

Ult imately,  determinat ion of the nucleotide sequence is a major 

goal, regardless of how t h e  gene or  DNA sequence is cloned and selected.  
Chemical  methods19 and enzymat ic  methods2O a r e  available t h a t  

distinguish the  four nucleotides and de termines  their  sequential  order.  
Nucleotide sequence information is  valuable for  demonstrat ing t h a t  t h e  
presumptive cloned gene  encodes t h e  gene product of interest .  
Comparison of t h e  sequence calculated f rom amino acid sequence da ta  of 
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t h e  protein will confirm t h a t  t h e  co r rec t  DNA sequence has  been 
amplified and selected.  In addition, t h e r e  a r e  specialized regulatory 
sequences t h a t  a r e  responsible for t h e  transcription of a gene  and subse- 

quent translation into protein. DNA sequence information will de te rmine  
if t h e  regulatory sequences have been retained o r  lost  during t h e  cloning 
procedures. S t ra teg ies  can  then be developed to el iminate ,  replace or  
modify t h e  regulatory elements .  

APPLICATION 

The intended application of t h e  cloned gene will de te rmine  what  
s teps  a r e  subsequently performed. In t h e  pharmaceut ical  industry t h e  

cloned gene can  be used direct ly  in a diagnostic test. For example,  i t  may 
be possible to clone a portion of the  genome of a virus and use t h e  cloned 
DNA as a probe to screen t issue explants  for  t h e  presence of virus. Recent  
work has resulted in t h e  identification of a cloned DNA sequence t h a t  
can  be used in prenatal  diagnosis and car r ie r  detect ion of phenylketo- 
nuria.21 Alternatively,  t h e  intended application may require  t h e  
expression of t h e  cloned gene product. The uti l ization of recombinant 

DNA techniques fo r  t h e  isolation and expression of genes t h a t  encode 
human interferon proteins has made production of la rge  amounts  of 
interferon more economical than conventional production methods.22 
A disease state t h a t  is caused by a dysfunction in a gene o r  t h e  

expression of t h a t  gene may be  al leviated by gene therapy. The s t r a t egy  
is to introduce and express  a normal gene  analog in t h e  appropriate  

t issue of t h e  diseased organism using genet ic  engineering technology.23 

In order  to express  a cloned gene  in a foreign host, such as E. coli, 
i t  is necessary to understand t h e  regulatory sequences t h a t  a r e  required 
for  expression of genes in tha t  host. In simple organisms t h e r e  a r e  t h r e e  
essential  e lements .  Firs t ,  a transcriptional promoter  encoded by t h e  DNA 
immediately preceeds t h e  gene. RNA polymerase ini t ia tes  and regulates  
RNA transcription at t h e  promoter.  Second, t h e  ribosome binding s i t e  
l ies between t h e  transcriptional promoter  and t h e  gene  and is t h e  s i t e  
where ribosomes bind to mRNA and in i t ia te  protein translation. The gene  
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sequence is followed by a terminat ion singal, third, t h a t  prevents  read- 
through of ribosomes in to  adjacent  gene sequences.  In addition to these  
regulatory elements ,  t he re  a r e  additional s i t e s  and cofac tors  t h a t  can  
affect t h e  expression of genes in procaryotes  and eucaryotes .  To express  
t h e  heterologous cloned gene i t  must be placed in such a way t h a t  i t  is 
under t h e  transcriptional control  of a promoter  on a n  expression vector .  
The cloned gene must also have an  appropriate  ribosome binding site and a 
terminat ion signal. Frequently,  t he  in t ac t  cloned gene  is removed from 

t h e  vector  in which i t  was cloned, is modified and introduced in to  an 

expression vector  to achieve high level expression of t h e  gene. Numerous 
procaryotic and eucaryot ic  genes have been cloned and expressed in 
-- E. coli using this  scheme.22 The final goal is  to scale-up f rom t h e  
laboratory t o  a production scale. I t  is, therefore ,  c r i t i ca l  t ha t  
t h e  expression vector  and host system developed is appropriate  in a 

production mode. Some of t h e  obvious but nontrivial  requirements  for  
such a host-vector system include: an  expression vector  t h a t  is s tably 
carr ied by t h e  host; high level expression of t h e  cloned gene  product; 
cost e f fec t ive  and eff ic ient  select ive pressures to maintain t h e  vector  
and express  t h e  gene; and,  sui table  host-vector system for  ex t rac t ion  and  
purification of a functional gene  product. 

The final purified product of gene  cloning is analyzed biochemirally 

and tes ted  in animal sys tems t h a t  model a specif ic  disease. The d a t a  f rom 
these  analyses is  subrnit ted as an Investigation Exemption for a New Drug 
Application (IND) and clinical  t r ia ls  a r e  performed. If t h e  drug is eff ica-  
cious in t h e  clinical  tr ials,  then  a New Drug Application (NDA) is  
submit ted and, if approved by t h e  FDA, a new heal th  c a r e  product can  be 

marketed. 

CONCLUSION 

One final point, I fee l  compelled to make. There is considerable 
skepticism regarding t h e  value of recombinant DNA technology and 
genet ic  engineering in industry today. This a t t i tude ,  for  t h e  most  par t ,  is 
derived f rom t h e  lack of apparent  success  of several  products of this  
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technology. In par t icular ,  human interferons have not been demonst ra ted  
to be a n  e f f ec t ive  t r e a t m e n t  for  multiple forms  of cancer .  I a t t r i bu te  

pa r t  of th i s  fa i lure  to our  na ive te  regarding t h e  mechanism of ac t ion  of 
these  proteins in  t h e  body and  par t ly  to "bio-hype" which has  built 
unreal is t ic  expec ta t ions  for these  drugs. Nevertheless,  t h e  recombinant  
DNA technology t h a t  produced these  drugs has  been a t remendous  
success.  The potent ia l  application of these  tools in t h e  pharmaceut ical  
industry is  l imited only by our  irnagination. However, t h e  success  of 
these  endeavors  will depend upon how careful ly  these  projects  a r e  
selected.  
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