
STADLER SYMP. Vol. 7 (1975) University of Missouri, Columbia 15 

EUKARYOTIC GENES IN PROKARYOTIC CELLS 
(molecular cloning, restriction nuclease, EcoRI, 

recombinant DNA molecule, biohazard) 

ROBERT 8. HELLING 

Division of Biological Sciences 
University of Michigan 

Ann Arbor, Michigan 48104 

SUMMARY 

High yields of specific genes or their products can be ob
tained by cloning the genes (from any organism) as part of a 
prokaryotic plasmid or virus. Furthermore the methods of micro
bial genetics are available for use in studying the expression of 
the cloned genes or for specifically modifying them. Molecular 
cloning generally involves joining restriction nuclease-generated 
DNA fragments through their "sticky" ends to an appropriate plas
mid or virus carrier, transformation of Escherichia coli with the 
recombinant DNA, and verification of the construction by agarose
gel electrophoresis. In E. coli, eukaryotic DNA is transcribed 
and translated. Potential biohazards and suggested guidelines 
for handling novel recombinant biotypes are discussed. 

INTRODUCTION 

Tomorrow (April 20) is an anniversary of sorts--it will 
be exactly two years since the experiments were completed which 
showed that fragments of DNA from different sources had been suc
cessfully coupled to form a new plasmid (pSC105) capable of main
taining itBelf during growth of Escherichia coli. The success
ful in vitro coupling of DNA from several prokaryotic sources 
to form new functional bacterial plasmids (COHEN, CHANG, BOYER 
and HELLING 1973), followed by the stable insertion of eukaryo
tic genes (ribosomal RNA genes of the frog Xenopus laevis) into 
a prokaryotic cell for the first time (MORROW, COHEN, CHANG, 
BOYER, GOODMAN and HELLING 1974) was recognized by biologists and 
laymen alike as a landmark step which will have a profound effect 
upon the biological and biomedical sciences. Together with other 
developments in related areas of molecular genetics, the impact 
of this technology is likely to have widespread effects beyond 
the biological sciences, and through its influence on nutrition 
and agriculture could result in social and economic change. 
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Molecular cloning of specific eukaryotic and prokaryo-
tic DNA fragments in prokaryotic cells is now being carried out 
in many laboratories. However, overenthusiasm and faddishness 
often attend the initial exploitation of a new method or hypo
thesis, so it is worthwhile to examine the promise and signifi
cance of molecular cloning before reviewing those early experi
ments, the current status of work in this field, and the special 
problems associated with the directed evolution of radically 
new genotypes. 

WHY MOLECULAR CLONING IS IMPORTANT 

There are two principal reasons why it is enormously use
ful to be able to place specific genes from any organism stably 
into an appropriate molecular carrier in E. coli. 1) The amounts 
of specific DNA or the corresponding RNA and protein products, or 
of the products formed under the direction of that protein can 
be amplified relative to those amounts in the cell from which 
the new DNA came. It is true that this advantage does not hold 
true in every instance. For example one would not put a hemoglo
bin gene into E. coli in order to obtain large amounts of normal 
hemoglobin. It is also possible that it will always be easier to 
make insulin from slaughter-house leavings than from E. coli. 
Nevertheless, most eukaryotic proteins and their corresponding 
RNAs and DNAs are present in relatively small amounts, and many 
of the most interesting and important may be produced only in li
mited amounts in a minority of cells during a specific develop
mental period. Great effort and expense has been expended to 
place specific genes of E. coli itself on small plasmids or 
viruses in order to amplify these genes and their products 
(GOTTESMAN and BECKWITH 1969, PRESS et al. 1971); it should be 
still more useful to clone genes from complex cells containing 
up to a thousand times as much DNA. Because of the considerable 
advantages in terms of amount and relative proportions, it is very 
likely that even the transfer of eukaryotic genes to other eu
karyotic cells will involve an intermediate prokaryotic stage 
where purification and amplification of the desired DNA could 
be far more easily achieved. 

Let us consider such amplification in more specific terms. 
Several hundred to a thousand or more copies of genes attached 
to an appropriate plasmid can be formed per cell (CLEWELL 1972, 
HERSHFIELD et al . 197 4). This represents an equivalent purifi
cation, relative to the chromosomal genes of E. coli, and an over
all purification of perhaps 10 3 to 10 6 for a unique gene from 
a eukaryote, depending on the complexity of the DNA of that 
cell relative to E. coli. From these amplified genes it should 
be possible to make high levels of RNA and protein as well. 
20% or more of the total cellular protein and an equivalent 
amount of RNA has been shown to be produced from a single operon 
(trp) cloned in a suitable carrier plasmid (HERSHFIELD et al . 
1974). At these levels of amplification it becomes realistic 
to think in terms of purifying gram amounts of almost any de
sired protein. 
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2) The second principal advantage is the availability 
of a battery of sophisticated methods of molecular biology in 
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E. coli. This includes the use of specific mutagens, the avai l a 
bility of useful mutations in other genes , several mechanisms 
for gene transfer and recombination, powerful selective pro
cedures , rapid growth , and control over the synthesis of macro
molecules. By the use of these methods, the control of trans 
cription and translation of the added genes can be studied, and 
modified genes with tailormade gene products could be produced . 
Imagine the impact on immunology and immuno - chemistry of having 
a large number of immunoglobulins available which differed only 
in a single amino acid in a specified region, or the impact on 
X- ray crystallography of havi ng such a series availab l e for 
any protein ! 

Beyond these obvious advantages it is realistic to ima
gine other benefits accruing to the insertion of genes with 
known functions by means of an appropriate carrier into a wide 
variety of types of cells . These include development of higher 
yielding varieties of agricultural l y important plants , construc
tion of microorganisms capable of high yields of nitrogen fixa
tion in symbiosis with non- leguminous plants or of varieties 
of non- leguminous plants which fix nitrogen directly , and (using 
cells in culture) a better understanding of many human genetic 
disorders and development of possible therapeutic procedures . 
I see no safe or feasible way to correct human disease by di 
rectly adding known genes to the human organism at this time al
though in a few cases it might be possib l e to overcome such a 
disease by an appropriately engineered parasite (e . g. E. coli) 
which provides some metabolite ab l e to correct the disorder . 
The problems and possibilities associated with overcoming gene 
tic disease by genetic engineering have been discussed in de 
tail by FRIEDMANN and ROBLIN (1972) . 

S IT E- SPE CI FIC ENDONUC LE AS ES 

Three recent achievements allowed us to couple genes 
from diverse sources and place them stably into cells pf E. 
coli. The most i mportant was the discovery of a class of site
specific endonucleases (restriction nucleases) which make 
staggered cuts in the complementary strands of DNA (Table l; 
HEDGPETH , GOODMAN, and BOYER 1972, SGARAMELLA 1972, MERTZ and 
DAVIS 1972 , BIGGER, MURRAY and MURRAY 1973, BOYER et al. 1973 , 
BOYER, 1974) . Cells containing such a nuclease also contain 
a site- specific modifying meth l ase which modifies newly synthe 
sized DNA strands by methylation within the nuclease- sensitive 
site. Methylation of either strand prevents nuclease activity. 
DNA from other types of cells is generally not methylated in 
the same sequence, and so is cleaved on contact with the nuclease . 

As shown in Table 1, all DNA fragments produced by endo
nuclease R•EcoRI activity have identical single - stranded ends; 
the same is true for the products of HindIII activity, because 
the sequences cut are symmetrical (palindromic). (Two types of 
end differing by A or T result from endonuclease R•EcoRII activity . ) 
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Table 1. DNA sequence specificity of restriction nucleases making 

staggered cuts. t designate points of cleavage, 1, designate 
sites of modification by the corresponding methylase to produce 
6-methylaminopurine or 5-methylcytosine (BOYER 1974). Average DNA 
fragment sizes were calculated assuming random permutations of nuc
leotide pairs in large DNA strands with equal frequencies of GC and 
AT pairs. 

Enzyme 

EcoRI 5' 

3 I 

EcoRII 5 I 

3' 

HindIII 5 I 

3 I 

Site specificity 

,j, * G-A A T T C 3' 

C T T A A G 5' 
* t 

-1-c * C T G G 3 I 

G G A C C+ 5' 
* 

A,j,A G C T T 3 I 

T T C G A+¾ 5 I 

Average number of 
nucleotide pairs 

per fragment 

4,096 

512 

4,096 

The sequence recognized by the EcoRI endonuclease occurs 
about once in 4100 base pairs so most DNA fragments produced 
by the enzyme contain one or more intact genes. Because the 
sequence is both unique and overlapping, EcoRI-produced DNA 
fragments from any source can be joined through their identical 
and complementary ends. DNA ligase can be used to permanently 
seal the union. 

A GENERAL PROCEDURE FOR TRANSFORMATION 

The study and use of transformation in such bacteria 
as Streptococcus pneumoniae, Hemophilus influenzae, and 
Bacillus subtilus has a long history. However, many attempts 
to extend this procedure to E. coli or to related bacteria were 
unsuccessful. Sporadic successes were reported (BOIVIN 1947, 
WEIL and BINDER 1947, CHARGAFF, SCHULMANN and SHAPIRO 1957, 
AVADHANI, MEHTA and REGE 1969), but scientists in other labora
tories were unable to repeat them (e.g. REIBER and MILLAN 1971). 

Unexpectedly MANDEL and HIGA (1970) found that bacterio
phage DNA was taken up by cells of E. coli which had been sub
jected to a very simple treatment--exposure to calcium ions. 
Although published in a major journal, the paper and its sig
nificance escaped the attention of most molecular biologists 
until, using the same method, COHEN, CHANG and HSU (1972) dem
onstrated that E. coli could be transformed by plasmid DNA, 
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and COSLOY and OISHI (1973) and WACKERNAGEL (1973) showed 
that E. coli cells deficient in both ATP-dependent deoxyri
bonuclease (RecB-RecC-) and exonuclease I(SbcB-) could be trans
formed by homologous chromosomal genes. A slight modification 
of the procedure has extended its use to Salmonella typhimurium 
(LEDERBERG and COHEN 1974), and it is likely to be successful 
with a wide variety of other kinds of bacteria. 

As a result DNA fragments produced by endonuclease R•EcoRI 
from such diverse sources as a human and a slime mold and coupled 
together by means of DNA ligase can be inserted into E. coli 
cells." 

AGAROSE-GEL ELECTROPHORESIS OF DNA 

For most purposes gel electrophoresis has become the 
method of choice for separating and identifying specific DNA 
fragments produced by restriction endonucleases (HELLING, GOOD
MAN and BOYER 1974). The separation of the endonuclease R•EcoRI
generated fragments of bacteriophage lambda DNA is demonstrated 
in Figure 1. The excellence of this procedure for separating 
DNA molecules of relatively large molecular weight depends 
on the use of agarose as a support medium, and on the use of low 
voltage. Under our conditions the relative mobility of double
stranded non-circular DNA is primarily a function of molecular 
size (within the linear range, Figure 2), and little affected 
by base composition. By comparing the mobility of an unknown 
DNA molecule with those of molecules of known size, its appro
ximate molecular weight can be determined (Figure 2). With 
ethidium bromide staining (AAIJ and BORST 1972), bands contain
ing less than 10 ng of DNA can be visualized. (As a rule of 
thumb at least 50 ng of DNA should be in the band of least vi
sibility, in order to be certain to observe it.) 

The use of agarose-gel electrophoresis in identification 
and purification of specific pieces of DNA produced by restriction 
endonucleases has proven especially useful with plasmid and virus 
DNA because of the relatively small number of discrete fragments. 
Per chromosome, so many different fragments are produced from more 
complex genomes that all purification procedures become more diffi
cult. Nevertheless, because gel-electrophoresis is likely to remain 
of great importance both in picking out specific gen~s even from 
sources with complex genomes and also in verifying the composition 
of cloned DNA molecules, it is useful to review current uses for 
the procedure. 

The order of DNA fragments in the intact viral chromosome 
and the specific genes associated with each can be determined 
in several ways. The original fragment map of lambda (Figure 
3) was developed using electron microscopy of heteroduplexes 
of fragment strands with strands of the intact chromosome (THO
MAS, CAMERON and DAVIS 1974; see also ALLET et al. 1973). 
This map was confirmed by comparing the EcoRI-fragment pattern 
of a variety of lambda derivatives with deletions and/or ad
ditions from other genomes (Figure 3). The genes involved in 
the substitution or other chromosomal change can be associated 
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with the fragments which differ between the wild-t ype chromosome 
and its derivative. (See Figure lB and compare the correspond
ing maps in Figure 3.) 

Figure 1. Electrophoresis of DNA in 0.7% agarose gels . Migra
tion was from top (cathode) to bottom . (A) Gel 1, 
EcoRI fragments of lambda DNA ; gel 2, intact lambda 
and EcoRI lambda fragments; gel 3, intact lambda DNA. 
(B) Gel 1, EcoRI fragments of lambda DNA ; ge l 2 EcoRI 
fragments of lambda plac5 DNA. (C) Gel 1, intact lambda 
and EcoRI fragments; ge l 3, EcoRI lambda fragments; 
gel 2, as gel 3 except NaCl was added to the DNA to 
O.lM before loading on the gel. Molecular weights of 
the EcoRI fragments of lambda are (xl0- 6 ): 13.7, 4.67, 
3.71, 3.57, 3.04 and 2.11 (HELLING, GOODMAN and BOYER 
1 974) . 

Similarly the loss (or gain) by mutation of a site sus
cept ible to the restriction enzyme wil l change the gel patterns 
in such a way as.to yield a unique fragment order. This pro
cedure has also proven important for "tailor-making" lambda mu
tants which serve as acceptors of foreign DNA for use in mole
cular cloning (RAMBACH and TI OLLAIS 1974; MURRAY and MURRAY 
1974; THOMAS, CAMERON and DAVIS 1974). 
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Figure 2. Relative electrophoretic mobility of non-circular 
double-stranded DNA in agarose. Left, 0.7% agarose. 
Right, mobilities as a function of agarose concentra
tion. After HELLING, GOODMAN and BOYER 1974. 

By using hybrids between lambda and related viruses 
such as 080, it was possible to develop maps of those other 
viruses also. The order deduced was independently confirmed 
by taking advantage of the unusual single-stranded ends of these 
viruses, which are complementary and so can pair. Using appro
priate conditions (increased ionic strength), these ends pair 
in the absence of app reciable pairing of the restriction endo
nuclease-produced ends (which are shorter and have lower melting 
temperatures) and so the end fragments can be uniquely identi
fied (Figure lC). 

Finally, the most general procedures for identifying 
adjacent fragments and determining the original order in the 
chromosome are the comparison of the fragment patterns produced 
by two or more r estriction endonucleases, singly and in combi
nation, as has been done with the tumor virus sv4o (NATHANS 
et aZ. 1974, SUBRAMANIAN et az. 1974), and the comparison of 
the complete and partial digest pattern produced by a single re
striction endonuclease, as demonstrated in Figure 4. 

The gel procedure is obviously useful for identifying small 
numbers of restriction endonuclease-generated DNA fragments such 
as are obtained from viral chromosomes. It is also useful for 
purifying specific fragments, as individual bands can be cut 
from the gel and the corresponding DNA eluted. 
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Endonuclease R•EcoRI-generated DNA fragment maps of 
lambdoid phages. Solid 1bars indicate DNA from lambda; 
open bars, 080 DNA; and cross-hatched bars, E. coli DNA. 
In each case fragments are numbered according to relative 
mobility beginning with the slowest. "Rest" includes 
seven additional fragments of 080 DNA. 

Difficulty in separating the thousands of kinds of 
EcoRI-produced fragments of cellular DNA was anticipated and 
the individual fragments of large size are not generally se~ara
ted. Characteristic banding patterns are observed with · bac 
terial DNA . .(HELLING, GOODMAN and BOYER 1974) and small diff~r
ences between K-12 strains can be found. The "gel-prints" of 
E. coli K-12, E. coli B/r, Shigella dysenteriae and other bac
terial genera are quite distinct and can in fact be used to 
verify the origin of strains. Simple banding patterns are 
generally not seen with eukaryotic DNA (e.g., BOTCHAN, MCKENNA 
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and SHARP 1974). Therefore gel electrophoresis can be used 
preparatively with cellular DNA to isolate classes of restric
tion nuclease-produced pieces of DNA of equivalent size, but 
with additiona1 procedures it is generally not possible to 
purify individual fragments because of the large number present. 
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Figure 4. Agarose- gel electrophoresis of DNA. Left: lambda 
DNA partially digested with endonuclease R·EaoRI. 
Numbers refer to the fragment composition of DNA 
in the corresponding band (refer to Fig. 3). Right: 
pSClOl and endonuclease R•EcoRI- treated pSClOl. Gel 
1 (left), superhelical (form I, lower) and open cir
cular (form II, upper) pSClOl; gel 2, as gel 1 plus 
EcoRI fragments of lambda DNA; gel 3, EcoRI-treated 
pSClOl plus EcoRI fragments of lambda DNA; gel 4, 
EcoRI-treated pSClOl (form III). 

In summary, after coupling different pieces of DNA to
gether with ligase, and inserting the joined pieces into bac
terial cells, we can then remove the added DNA from the trans
formants and, following treatment with the EcoRI (or other) en
zyme, determine the gel-electrophoretic pattern in order to 
identify the joined DNA fragments and verify the construction. 
Gel electrophoresis is also useful preparatively for purifying 
DNA fragments containing specific genes. 
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COUPLING NEW GENES TO BACTERIAL PLASMIDS IN VITRO 

With the appropriate restriction endonuclease, a method 
for transformation, and the availability of a simple analytical 
tool for determining the fragment composition of presumptive 
transformants for new genes, it was feasible to attempt adding 
new combinations of genes to E. coli. 

The system which Herbert Boyer, Annie Chang, Stanley 
Cohen, and I devised and successfully used (COHEN et al. 
1973) involved the use of a small plasmid of E. coli (pSClOl) 
which confers tetracycline-resistance (Tetr), and which is cut 
once by the EcoRI enzyme (Figure 4). The tet gene would allow 
us to select those cells which had ·oeen transformed by pSClOl 
DNA from- the, vast majority of untransformed cells. The ra
tionale for the use of a plasmid with a single EcoRI-restriction 

AQ+ rep 

B 
+ EcoRI 

0 > ligase ,. 

/V\/\/\ 

t EcoRI 

MOLECULAR CLONING 

VIA A PLASMID 

Q+ rep 

B O+ 

rep 

TRANSFORM, 
SELECT A+, 
SCORE FOR B 

Figure 5. Molecular cloning via a plasmid. Replicator locus 
is designated by rep. Gene A corresponds to tetra
cycline-resistance d,~terminant of pSClOl, or to the 
colicin-resistance determinant of ColEl. Gene B 
represents a gene required for colicin-production by 
ColEl; the function of the equivalent gene in pSClOl 
has not been identified. 

site (site of cleavage by the nuclease) is diagrammed in Figure 
5. Even after cleaving the plasmid, all genes remain together, 
and it is merely converted from a circular to non-circular form. 
Addition of EcoRI-produced DNA fragments from another source 
followed by ligation will generate the formation of some circu
lar plasmids which now have an additional piece of DNA. After 
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entering the recipient cell, the enlarged plasmid should be 
able to replicate and form a stable association with the cell 
provided that the additional DNA was not inserted within an es
sential gene. 

For the first construction attempt we mixed endonuclease 
R•Eco RI- digested pSClOl and pSC102 DNA. pSC102 is a second 
plasmid which carries the resistance determinants for kanamycin 
(kan) and sulfonamide, and is cleaved at three points by the 
EcoRI enzyme to give three fragments. Endonuclease-treated DNA 
from the two plasmids was mixed, ligated, and used in transfor
mation, with selection for both tetracycline-resistance and 
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Figure 6. Agarose-gel electrophoresis of' EcoHI digests of new 
plasmid species. Gel 1 (left), pSClOl DNA; gel 2, 
pSC102 DNA; gel 3, mixture of pSClOl and pSC102 DNA; 
gel 4, pSC105 DNA. Fragment molecular weights 
(xl0- 6 ) are (pSClOl) 5.8; (pSC102) 9.1, 4.9, and 3.4. 

kanamycin-resistance. One cloned transformant was examined and 
found to contain a single plasmid species (pSC105) which gave 
two fragments when cleaved by the EcoRI enzyme. One of these 
corresponded to EcoRI-treated pSClOl, and the other to the 4.9 
x 10 6 dalton fragment of pSC102 (Figure 6). Two fragments of 
pSC102 were missing in pSC105; presumably sulfonamide-resistance 
is associated with one of these because pSC105 does not specify 
resistance to this antibiotic. The replicator site of pSC105 
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j_s associated with the pSClOl fragment, since this fragment re
plicates autonomously (as pSClOl), while .the fragment conferring 
kanamycin-resistance does not (LOMAX and HELLING, unpublished). 

Because pSClOl still replicated and expressed its tetra
cycline-resistance gene when additional DNA from pSC102 was 
inserted at its EcoRI site, we expected pSClOl to serve as a 
useful acceptor for other DNA fragments as well (see model in 
Figure 5). In further collaboration with J. Morrow and H. 
Goodman, we stably incorporated eukaryotic DNA into E. coli for 
the first time, coupling the ribosomal RNA (rRNA; 5.8S, 18S 
and 28S) genes of the frog Xenopus laevis to pSClOl (MORROW 

.... -= 
:: I ,-

Figure 7. Agarose-gel electrophoresis of EcoRI fragments 
of plasmids containing Xenopus rDNA. All gels 
contain the pSClOl fragment. Plasmids and molecu
lar weights (xl0- 6 ) of Xenopus fragments are: gel 
1 (left), pSClOl; gel 2, CD30 (3.9); gel 3, CD35 
(3.9 + 3.1); gel 4, CD35 + CD4; gel 5, CD4 (4.2 + 
3,1); gel 6, CD7 (4.2); gel 7, pRHOlO (6.8 + 3.1). 
The large fragment in pRHOlO is present in only 
about 0.5% of the rDNA tandem repeat units. It is 
probably identical to that inserted into pSClOl by 
COHEN and CHANG (1974). 

et al. 1974). In this case we could not select for the Xenopus 
genes directly. Instead a ligated mixture of Eco RI-treated 
pSClOl and Xenopus ribosomal DNA was used to transform E. coli 
to Tetr. The plasmid content of over 100 transformants was se
parately examined and about one in five clones contained addi-
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tional (Xenopus) DNA (Figure 7). The band positions of the ad
ditional fragments corresponded to bands in an EcoRI-digest of 
the original Xenopus DNA (MORROW et al. 1974). 

The origin of the DNA added to pSClOl was proven by elec
tron microscope-analysis of heteroduplexes formed between 
Xenopus ribosomal DNA (rDNA) and the plasmid CD42, which there
fore contains one of the two EcaRI fragments found in the ma
jority of the repeated rDNA sequences of the frog. The speci
fic hybridization of 32p - labelled 1 8S and 28S X. laevis rRNA 
to DNA of the new plasmids proved that the added DNA included 
the rDNA genes (MORROW et al. 1974), and suggestgd that the 
smaller EcoRI fragment of Xenopus rDNA (3.1 x 10 daltons) con
ta~ned t~e ~8S RNA genes while the 18S RNA6gene was largely con
tained within the other fragment (4.2 x 10 daltons). This con
clusion has .been confirmed and extended subsequently (WELLAUER 
et al. 1974). 

Several hybrid plasmids were also obtained which included 
a minority Eco RI fragment from the xinopus rDNA preparation (Fig
ure 7). One such fragment (3.9 x 10 daltons) sgowed binding to 
the Xenopus rDNA similar to that of the 4.2 x 10 dalton frag
ment, and is probably related to it by deletion of part of the 
nontranscribed spacer sequence between rDNA repe ating units 
(WELLAUER et al. 1974 ) . Other fragments which are larger ap
pear to have a longer spacer sequence or to lack one of the 
EcoRI restriction sites (Figure 7; WELLAUER et al. 1974, COHEN 
and CHANG 197 4). 

More recently DNA from other eukaryotes including Droso 
phila melanogaster (WENSINK et al. 1974, THOMAS, CAMERON and 
DAVIS 1974; TANAKA and WEISBLUM 1975) sea urchins (COHEN, un
published) and Tetrahymena pyriformis (HELLING, LOMAX, TABASH
NIK and ALLEN, unpublished) has been successfully established 
in plasmids or phage lambda derivatives in E . coli . 

REPLICATION, TRANSCRIPTION AND TRANSLATION OF EUKARYOTIC 
GENES IN Escherichia coli 

The replication of eukaryotic gene fragments within a 
plasmid or virus of E . coli is obviously demonstrated by the 
establishment of such a hybrid. In these cases replication is 
under control of a replicator site or sites of the plasmid or 
virus carrier (TIMMIS, CABELLO and COHEN 1974). 

To d~termine whether added eukaryotic DNA is transcribed 
advantage is taken of the ability of plasmids (but not of the 
chromosomes) to segregate into E. coli minicells which frequently 
appear on division of fullsize cells of the minicell mutant 
strain. The minicells can be separated from the parent-type 
cells and in such minicell preparations RNA synthesis is almost 
completely dependent on the plasmid DNA (ROOZEN, FENWICK and 
CURTISS 1971). The pSClOl parent plasmid and three derivatives 
containing Xenopus rDNA were transformed into the minicell strain. 
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RNA purified from the plasmid-containing minicells was hybri
dized with X. laevis rDNA. The results showed that RNA species 
capable of annealing with L laevis rDNA are synthesized in mini
cells containing the recombinant plasmids, but not in minicells 
carrying the pSClOl parent plasmid alone. Although this experi
ment shows that the Xenopus genes are transcribed in E. coli, 
we do not know if the RNA transcript is identical with that pro
duced in the frog (i.e., with same initiation and termination 
points). 

Very little is yet known about the translation of eukaryo
tic genes in E. coli. New protein species have been shown by 
several groups to be produced in various pSClOl derivatives 
containing additional fragments of eukaryotic DNA. The most in
teresting contain sea urchin histone genes; however the polypep
tides produced are not identical with normal sea urchin histones 
(COHEN, personal communication). No one (including ourselves) 
has yet been able to select directly a plasmid coding for a 
functional eukaryotic enzyme but this could be a matter of prob
ability--the gene selected may have been cut by the restriction 
nuclease or the combination of the rarity of the fragment with 
the desired gene and the relatively low probability of transfor
mation may not have allowed detection of a plasmid with a gene 
which would have been expressed. On the other hand, the eukaryo
otic genes may not be faithfully expressed in E. coli because 
of the differences between prokaryotes and eukaryotes in details 
of transcription and translation. 

What is important, however, is the great likelihood that 
each of these difficulties can be overcome. A gene cleaved by 
the enzyme may be left int a.ct by another appropriate enzyme, or 
else the DNA can be subjected to only partial digestion so that 
many potential cleavage sites are uncut. The efficiency of trans
formation is very low in terms of efficiency per molecule of 
DNA taken up--roughly on the order of 1 transformant per 105 
molecules of pSClOl or per 2 x 10 lambda molecules. It seems 
likely that this efficiency could be improved either by isola
tion of a suitable mutant of E. coli, or by the use of some 
other bacterium with higher transformation frequency as the pri
mary host in constructing new plasmids or viruses. The genetic 
code is universal for amino acids, and differences in initiation 
and termination signals for transcription and translation can 
be compensated by appropriate mutations forming new punctuation 
marks or by coupling to such signals in the vector. Based on 
our current concepts of protein synthesis and the genetic code, 
there seems to be no intrinsic reason to prevent achieving 
synthesis of functional eukaryotic proteins in prokaryotic cells. 

TWO PLASMIDS FOR MOLECULAR CLONING 

pSClOl has proven extremely valuable as a cloning vehicle 
for a variety of different genes. Among other useful features 
it is a relatively small plasmid, it has a single EcoRI cleavage 
site and a single Hind.III cleavage site nearby (BOYER; HELLING; 
MORROW ; all unpublished), it has a Tetr - determinant by which 
it can be selected in transformation, and the background fre-
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quency of mutants of the E. coli recipient expressing Tetr is 
essentially zero. 

Nevertheless it is not ideal ror several reasons. First, 
there is no obvious general procedure for identifying transfor
mants containing pSClOl derivatives with inserted DNA fragments 
which does not involve opening the cells and looking at the plas
mid DNA of the individual transformants. In addition we have 
found that the expression of the tetracycline-resistance deter
minent, which is the basis for selecting transformants in the 
first place, is affected by nearby genes (LOMAX and HELLING, 
unpublished). The kinetics of expression of Tetr in transfor
mation for pSClOl itself is highly reproducible and shows that 
resistance is expressed within an hour after uptake under our 
conditions (Figure 8). 

The kinetics of expression of kanamycin-resistance in 
transformants for pSC105 is also highly reproducible. (As al
ready described, pSC105 contains a DNA sequence corresponding 
to pSClOl plus additional DNA including the kan gene). However, 
both the kinetics of appearance and the numbers of Tetr Kanr 
transformants per µg plasmid DNA vary from experiment to experi
ment. Generally the number of Tetr transformants is 10 to 50% 
that for Kanr; a typical result is shown in Figure 8. All Kanr 
transformants were shown subsequently to be Tetr also and repre
sentative clones were shown to contain the pSC105 plasmid-
therefore the tet gene was present but not being expressed dur
ing this time. These results show that many potential hybrid 
plasmids derived by adding new DNA to pSClOl in vitro may go un
detected if the added DNA affects the expression of tetracycline
resistance, and the transformants are selected on the basis of 
such resistance. 

A second plasmid which has a single EcoRI cleavage site 
(LOVETT and HELINSKI 1974), ColEl, has found increasing use as 
an alternate molecular cloning vehicle because of two useful 
features not exhibited by pSClOl (HERSHFIELD et al. 1974). 
This plasmid exhibits relaxed control of DNA replication and 
under appropriate conditions up to several thousand copies of 
the plasmid per cell accumulate, so very large amounts of DNA 
can be prepared relatively simply (CLEWELL 1972). Transformants 
for this plasmid can be selected by their colicin-immunity. 
The transformant cells which contain a ColEl derivative with ad
ditional DNA inserted at the original EcoRI-breakpoint can be 
identified directly because they produce no colicin, unlike 
cells with normal ColEl (see model in Figure 5). 

FURTHER DEVELOPMENT OF CLONING PROCEDURES 

Two other general procedures of importance for molecular 
cloning have been developed. The first is an alternate proce
dure to the use of restriction nuclease-generated "sticky ends" 
for coupling different pieces of DNA. This method of coupling 
by T-s and A-s (Figure 9) was developed by JACKSON, SYMONS, 
and BERG (1972) before endonucleases making overlapping cuts 
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were discovered, and used by them to construct an SV40 hybrid 
containing lambda and E. coli genes. Although the procedure 
requires greater technical sophistication and is expensive re
lative to the use of restriction endonucleases, it offers the 
distinct advantage that joining can be restricted to DNA mo
lecules of different origin. (With restriction nuclease-gener
ated DNA fragments, several fragments from the same source can 
join, or single fragments can cyclize.) The most serious dis-
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Figure 8. Expression of drug resistance following transforma
tion by pSClOl or pSC105. Recipient was HBlOl 
(recA rb- mb-). Results with pSClOl are from three 
independent experiments using different preparations 
of DNA. Transformants are expressed as number per 
µg DNA. Selection for drug-resistant transformants 
was at the time after DNA uptake designated on the 
abscissa. 

advantage of this procedure is the inability to recover DNA 
fragments identical to those originally coupled (as can be done 
in the former method by treatment with the restriction enzyme 
used in construction). 

The second procedure is based on the use of a bacterial 
virus as cloning vehicle (RAMBACH and TIOLLAIS 1974, MURRAY and 
MURRAY 1974, THOMAS, CAMERON, and DAVIS 1974). Lambda deri-
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vatives containing only two EeoRI sites. were constructed . Al 
though expression of the internal segment bounded b y the two 
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sites is not essential, the total chromosome length must be longer 
than the sum of the two end fragments i n order to form new via
ble phage particles . Therefore if the two end fragments of 
lambda are mixed with an EeoRI - digest of DNA from any other 
source, end joining and ligation are allowed, and transformation 
is performed, all plaques are produced by lambda derivatives 
in which a new piece of DNA (about 3 to 17 Kilobases in length) 
replaces the nonessential lambda fragment. This provides a 
powerful and simple procedure for molecular cloni ng. A disad
vantage is the maximum (and minimum) size limit on the amount 
of DNA which can be added and still allow packaging of the hy -
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Figure 9. Coup l ing DNA fragments from different sources by 

means of polydA and polydT ends. After JACKSON, 
SYMONS and BERG ( 1 972). 

brid chromosome in a new viral coat. Also, the study of trans
cription and translation of an added gene is somewhat more com
plicated with the v irus than with a tiny plasmi d in a minicell, 
and a suitab l e virus capab l e of forming a stable assoc i at i on 
with a host cell has not yet been developed. 

At this time the key problems in cloning specific eukaryo
tic genes are obtaining the right DNA fragment and avoiding po 
tential biohazard. Identification can be made either before or 
after coupling to a cloning vehicle and transformation. On the 
basis of their density difference from chromosomal DNA , a few 
genes such as rDNA of Xenopus can be purified prior to coupling 
to a suitable carrier . Alternatively , restriction nuclease
treated total cellular DNA can be fractionated according to size 
by gel electrophoresis, and individual fractions containing the 
desired genes can be identified by annealing to complementary 
RNA. 
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If a gene is functional in the prokaryotic cell it may be 
possible to select directly for it (as alre.ady pointed out, no 
one has achieved such direct select.ion of a etikaryotic gene yet). 
The alternative is to identify a plasmid with the desired DNA by 
its ability to hybridize with the proper mRNA. The use of sib
selection procedures (CAVALLI-SFORZA and LEDERBERG 1956) simpli
fies this considerably. Sib-selection was used by S. Cohen and 
his collaborators to obtain plasmids containing sea urchin his
tone genes (COHEN, personal communication). 

BIOHAZARD ASSESSMENT AND CONTROL 

Along with the many advantages of the new technology comes 
the potential for serious and unpredictable consequences, not 
least because the bacterium likely to house most of the recombi
nant plasmids and viruses (E. coli) is a normal inhabitant' of 
the human gut. The vast majority of novel biotypes are likely 
to have low survival value, but rare genotypes might be construc
ted which could cause disease or major ecological change. 

That the first novel recombinant DNA molecule to be con
structed in vitro included the genes of the tumor virus SV40 
(JACKSON, SYMONS and BERG 1972) was fortunate, as it served to 
alert and focus the attention of the scientific community to the 
potential biohazards implicit in the use of the new technology 
prior to the appearance of simpler procedures based on use of re
striction endonucleases (SINGER and SOLL 1973), At the request 
of a committee established by the National Academy of Sciences 
(U.S.) to review possible dangers (BERG et al. 1974), scientists 
throughout the world abstained from performing certain types of 
experiments thought to be of greatest immediate risk, and an 
International Conference on Recombinant DNA Molecules met at Pa
cific Grove, California on February 24-27, 1975, to review pro
gress in this field and make recommendations (WADE 1975). 

Four general guidelines emerged from this conference. 
1) All personnel handling novel recombinant biotypes should re
ceive adequate training in and practice good microbiological 
technique. (This common sense recommendation is likely to bring 
about a long-overdue improvement in general microbiological la
boratory procedures.) 
2) All work must be done in physical containment facilities 
commensurate with the presumptive risk. (Facilities required would 
range from a standard laboratory for lowest risk to facilities 
available only in a few centers for high risk.) 3) All moderate 
or high risk experiments must use newly designed bacterial hosts 
unlikely to survive in the natural environment, and nontransmis
sible vectors designed to grow only in specified hosts. 4) The 
most hazardous category of experiments (e.g., introduction into 
E. coli of an oncogenic . virus or a gene for botulinum toxin syn
thesis) should not be performed under any circumstances unless 
further experience suggests that it is safe to do so. 

Procedures for implementation of these guidelines will 
vary from country to country. In the U.S. an NIH Advisory Com
mittee has been established to recommend policy. It is likely 
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that U.S. universities or research institute.s will be required 
to establish local committees to certify physical containment fa
cilities. Such committees are already be.ing formed at several 
universities including The University .of Michigan. 

Experience with the techniques and recornbinants produced 
will allow us to evaluate at least partially the safety of pre
sent procedures, and to better assess the risks which might be 
associated with certain novel biotypes. If we proceed prudently, 
recognizing that the individual investigator bears ethical and 
perhaps legal responsibility for the consequences of his work, I 
believe we can achieve at least some of those benefits which we 
have so confidently predicted. 

ACKNOWLEDGEMENTS 

I am grateful to Julian Adams and Tahir Rizki for sharing 
equipment and advice, to Margaret Lomax and David Jackson for 
advice, and to Margaret Lomax, Torn Waldinger and Jon Kaner for 
their help. Supported in part by grants from The University of 
Michigan Cancer Research Institute and The National Institutes 
of Health. 

LITERATURE CITED 

AAIJ, C., and P. BORST 1972 The gel electrophoresis of DNA. 
Biochirn. Biophys. Acta 269:192-200. 

ALLET, B., P. JEPPESEN, K. KATAGIRI and H. DELIUS 1973 Mapping 
the DNA fragments produced by cleavage of DNA with endonu
clease RI. Nature 241:120-123. 

AVADHANI, N. G., B. M. MEHTA and D. V. REGE 1969 Genetic trans
formation in Escherichia coli. J. Mol. Biol . .!!l_:413-423. 

BERG, P. et al. 1974 Potential biohazards of recombinant DNA 
molecules. Science 185:303. 

BIGGER, C. H., K. MURRAY, and N. E. MURRAY 1973 Recognition se
quence of a restriction enzyme. Nature New Biol. 224:7-10. 

BOIVIN, A. 1947 Directed mutation in colon bacilli; by an in
ducing principle of deoxyribonucleic nature: its meaning 
for the general biochemistry of heredity. Cold Spring Har
bor Syrop. Quant. Biol. 12: 7-17. 

BOTCHAN, M., G. MCKENNA, and P. SHARP 1974 Cleavage of mouse 
DNA by a restriction enzyme as a clue to the arrangement of 
genes. Cold Spring Harbor Syrop. Quant. Biol. ~:383-396. 

BOYER, H. W. 1974 Restriction and modification of DNA: enzymes 
and substrates. Fed. Proc. 11=1125-1127. 

BOYER, H. W., L. T. CHOW, A. DUGAICZYK, J. HEDGPETH, and H. M. 
GOODMAN 1973 DNA substrate for the EcoRII restriction 



34 HELLING 

endonuclease and modification methylase. Nature New Biol. 
224:40-43. 

CHARGAFF, E., H. M. SCHULMANN, and H. S. SHAPIRO 1957 Protoplasts 
of E. coli as sources and acceptors of deoxypentose nucleic 
acid: rehabilitation of a deficient mutant. Nature 180: 
851-852. -

CLEWELL, D. B. 1972 Nature of ColEl plasmid replication in 
Escherichia coli in the presence of chloramphenicol. J. 
Bacteriol. 110:667-676. 

COHEN, S. N., and A. C. Y. CHANG 1974 A method for selective 
cloning of eukaryotic DNA fragments in Escherichia coli by 
repeated transformation. Molec. Gen. Genet. 134:133-141. 

COHEN, S. N., A. C. Y. CHANG, H. W. BOYER, and R. B. HELLING 
1973 Construction of biologically functional bacterial 
plasmids in vitro. Proc. Nat. Acad. Sci. U.S.A 70:3240-3244. 

COHEN, S. N., A. C. Y. CHANG and L. HSU 1972 Non-chromosomal 
antibiotic resistance in bacteria: genetic transformation 
of Escherichia coli by R-factor DNA. Proc. Nat. Acad. Sci. 
U.S. 69:2110-2114. 

COSLOY, S. D., and M. OISHI 
Escherichia coli Kl2. 
84-87. 

1973 Genetic transformation in 
Proc. Nat. Acad. Sci. U.S. lQ_: 

FRIEDMANN, T., and R. ROBLIN 1972 Gene therapy for human gene
tic disease? Science 175:949-955-

GOTTESMAN, S., and J. BECKWITH 1969 Directed transposition of 
the arabinose operon: a technique for the isolation of 
specialized transducing bacteriophages for any Escherichia 
coli gene. Proc. Nat. Acad. Sci. U.S . .!!..!±._:117-127. 

HEDGPETH, J., H. M. GOODMAN, and H. W. BOYER 1972 DNA nucleo
tide sequence restricted by the RI endonuclease. Proc. Nat. 
Acad. Sci . U.S . .§2_:3448-3452. 

HELLING, R. B. 1973 Ultraviolet light-stimulated recombination. 
Biochem. Biophys. Res. Comm. 22.:752-757-

HELLING, R. B., H.. M. GOODMAN, and H. W. BOYER 1974 Analysis of 
endonuclease R•EcoRI fragments of DNA from lambdoid bac
teriophages and other viruses by agarose-gel electrophore
sis. J. Virology 14:1235-1244. 

HERSHFIELD, V., H. W. BOYER, C. YANOFSKY, M. A. LOVETT, and D. 
R. HELINSKI 1974 Plasmid ColEl as a molecular vehicle 
for cloning and amplification of DNA. Proc. Nat. Acad. 
Sci. U.S. 71 : 3455-3459-

JACKSON, D., R. SYMONS and P. BERG 1972 Biochemical method 
for inserting new genetic information into DNA of simian 



EUKARYOTIC GENES IN PROKARYOTIC CELLS 35 

virus 40: circular SV40 DNA mole.cules. containing lambda 
phage genes and the galactose operon of Escherichia coli. Proc. 
Nat. Acad. Sci. U.S. §2_:2904-2909. 

LEDERBERG, E. , and S. N. COHEN 1974 Transformation of Salmonella 
typhimurium by plasmid deoxyribonucleic acid. J. Bacterial. 
119:1072-1074. 

MANDEL, M., and A. HIGA 1970 Calcium- dependent bacteriophage 
DNA infection. J. Mol. Biol. 53 : 159-162. 

LOVETT, M. A., D. G. GUINEY, and D. R. BELINSKI 1974 Relaxa
tion complexes of plasmids ColEl and ColE2: unique site of 
the nick in the open circular DNA of the relaxed complexes. 
Proc. Nat. Acad. Sci. U.S. 71:3854- 3857, 

MERTZ, J. E., and R. W. DAVIS 1972 Cleavage of DNA by RI restric
tion endonuclease generates cohesive ends. Proc. Nat. Acad. 
Sci. U.S. §2.:3370-3374, 

MORROW, J. F., S. N. COHEN, A. C. Y. CHANG, H. W. BOYER~ H. M. 
GOODMAN, and R. B. HELLING 1974 Replication and transcrip
tion of eukaryotic DNA in Escherichia coli. Proc. Nat. Acad. 
Sci. U.S. 71:1743-1747, 

MURRAY, N. E., and K. MURRAY 1974 Manipulation of restriction 
targets in phage A to form receptor chromosomes for DNA 
fragments. Nature 251:476-481. 

NATHANS , D., S. P. ADLER, W. BROCKMAN, K. J. DANA, T. N. H. LEE, 
and G. H. SACK, JR. 1974 Use of restriction endonucleases 
in analyzing the genome of simian virus 40. Fed. Proc. 33: 
1135-1138. -

PRESS, R., N. GLANSDORFF, P. MINER, J. DEVRIES, R. KADNER, and W. 
K. MASS 1971 Isolation of transducing particles of 080 
bacteriophage that carry different regions of the Escherichia 
coli genome. Proc. Nat. Acad. Sci. U.S. §Jl:795-799-

RAMBACH, A., and T. TIOLLAIS 1974 Bacteriophage having EcoRI 
endonuclease sites only in the non-essential region of the 
genome. Proc. Nat. Acad. Sci. U.S. 71:3927-3930. 

REIBER, M., and N. MILLAN 1971 Enhanced DNA uptake and trans
fection in Escherichia coli cells grown in low-phosphate 
medium. Biochim. Biophys . Acta 246:384-395. 

ROOZEN, K. J., R. G. FENWICK, JR., and R. CURTISS III 1971 
Synthesis of ribonucleic acid and protein in plasmid-con
taining minicells of Escherichia coli. J. Bacterial. 
107:21-33, 

SGARAMELLA, V. 1972 Enzymatic oligomerization of bacteriophage 
P22 DNA and of linear simian virus 40 DNA. Proc. Nat. 
Acad. Sci. U.S. §2_:3389-3393. 



36 HELLING 

SINGER, M., and D. SOLL 1973 Guidelines for DNA hybrid 
molecules. Science 181:1114. 

SUBRAMANIAN, K. N., J. PAN, S. ZAIN, and S. M. WEISSMAN 1974 
The mapping and ordering of fragments of SV40 DNA pro
duced by restriction endonuclaases. Nucleic Acid Res. 1: 
727-752. 

TANAKA, T. and B. WEISBLUM 1975 Construction of a Colicin El-R 
factor composite plasmid in vitro: means for amplification 
of deoxyribonucleic acid. J. Bacterial. 121:354-362. 

THOMAS, M., J. R. CAMERON, and R. W. DAVIS 1974 Viable molecular 
hybrids of bacteriophage lambda and eukaryotic DNA. Proc. 
Nat. Acad. Sci. U.S. 71:4579-4583. 

TIMMIS, K., F. CABELLO, and S. N. COHEN 
distinct modes of replication by a 
in vitro from separate replicons. 
U.S. 71:4556-4560. 

1974 Utilization of two 
hybrid plasmid constructec 
Proc. Nat. Acad. Sci. 

WACKERNAGEL, W. 1973 Genetic transformation in E. coli: the 
inhibitory role of the recBC DNAse. Biochem. Biophys. Res. 
Commun. 51:306-311. 

WADE, N. 1975 Genetics: Conference sets strict controls to 
replace moratorium. Science 187:931-935. 

WEIL, A. J., and M. BINDER 1947 Experimental type transformation 
of Shigella paradysenteriae (Flexner). Proc. Soc. exp. 
Biol. N.Y. 66:349-352. 

WELLAUER, P. K., R. REEDER, D. CARROLL, D. BROWN, A. DEUTSCH, T. 
HIGASHINAKAGAWA, and I. DAWID 1974 Amplified ribosomal 
DNA from Xenopus laevis has heterogeneous spacer lengths. 
Proc. Nat. Acad. Sci. U.S. 71:2823-2827. 

WENSINK, P. C., FINNEGAN, J. E. DONELSON, and D. S. ROGNESS 
1974 A system for mapping DNA sequences in the chromosomes 
of Drosophila melanogaster. Cell }:315-325. 

NOTE ADDED IN PROOF - A summary statement of the organizing com
mittee for the International Conference on Recombinant DNA 
Molecules has been released. See: Berg, P., D. Baltimore, 
S. Brenner, R. 0. Roblin III, and M. F. Singer 1975 Asilomar 
Conference on Recombinant DNA Molecules. Science 188:991-94. 


	Stadler07p0015
	Stadler07p0016
	Stadler07p0017
	Stadler07p0018
	Stadler07p0019
	Stadler07p0020
	Stadler07p0021
	stadler07p0022-rescan
	Stadler07p0023
	Stadler07p0024
	Stadler07p0025
	Stadler07p0026
	Stadler07p0027
	Stadler07p0028
	Stadler07p0029
	Stadler07p0030
	Stadler07p0031
	Stadler07p0032
	Stadler07p0033
	Stadler07p0034
	Stadler07p0035
	Stadler07p0036

