They do not have to grow the cells in cul-
ture for several weeks to get enough to
analyze, and they can usually have the
results of the test as early as the 16th or
17th week of the pregnancy.

The genetic defect causing sickle cell
anemia is both simple and well under-
stood; there is a substitution of a single
wrong nucleotide in the 8 globin gene. In
contrast, the thalassemias are neither so
simple nor so well understood. Rather,
they constitute a complex of several
anemias, of varying degrees of severity,
that may be caused by any of a number
of different defects in the genes coding
for the hemoglobin chains. Not all of
these defects have been characterized
but some have been described—again
largely as a result of the availability of
restriction mapping techniques. Among
the laboratories contributing to the prog-
ress in understanding the gene defects
underlying the thalassemias are those of
Kan, Arthur Bank of the College of Phy-
sicians and Surgeons of Columbia Uni-
versity, Bernard Forget of Yale Univer-
sity Medical School, and Stuart Orkin of
Harvard Medical School.

For example, the o thalassemias are
caused by the deletion of some or all of
the four copies of the « globin gene that
are carried by most persons. The « thal-
assemias are relatively common in
Southeast Asia, where as many as 15
percent of the population of some coun-
tries are carriers. In the severest form of
the disease all four genes are missing.
Fetuses with this condition are stillborn
because the abnormal hemoglobin they
produce cannot release its oxygen to the
tissues.

About 2 years ago, Kan and his col-
leagues devised a way to detect the most

severe forms of « thalassemia. They pre-
pare fetal DNA from fibroblasts acquired
by amniocentesis, shear it into frag-
ments, and then measure the extent to
which a probe for the « globin gene binds
(hybridizes) to the fetal DNA fragments.
Although this hybridization procedure
can determine whether the gene is miss-
ing, it is technically difficult and requires
large quantities of fetal cells.

In a more recent development, report-
ed in July of this year, Orkin, in collabo-
ration with investigators from Harvard,
Yale, and Haceteppe University in An-
kara, Turkey, showed that restriction
mapping could be used for the prenatal
diagnosis of a rare form of thalassemia.

Orkin says the restriction method is
superior to the hybridization technique
for prenatal diagnosis because mapping
is more sensitive. It requires only 10 to
15 percent of the DNA required by the
hybridization method and is generally
easier to do.

The fetus they diagnosed was at risk
from a thalassemia caused by a lack of
both copies of the genes for 8 and & glo-
bin. (8 globin, which is structurally very
similar to 8 globin, is produced in small
quantities by normal adults.) The map-
ping procedure showed that the genes
were present, although in reduced quan-
tities, and the Harvard investigators con-
cluded that the fetus was a carrier but
would not be severely afflicted by the
disease. This diagnosis was confirmed
both by examination of fetal blood and of
blood taken from the umbilical cord at
the infant’s birth.

Thus far, only the rare forms of thalas-
semia caused by gene deletions can be
diagnosed by restriction mapping. Some
of the more common thalassemias, in-

cluding Cooley’s anemia, do not involve
deletion of genes. (Exact figures on the
prevalence of Cooley’s anemia are hard
to come by. According to some esti-
mates, a few to several percent of the
populations in such Mediterranean coun-
tries as Italy and Greece may be carriers
of the condition.) But the common thal-
assemias may also prove amenable to
prenatal diagnosis by restriction map-
ping once the gene defects underlying
them have been revealed.

Any change in DNA that results in the
gain or loss of a site recognized by a re-
striction enzyme will alter the pattern of
restriction fragments produced by diges-
tion of the DNA by the enzyme. Thus, at
least in theory, any genetic defect is de-
tectable by restriction mapping provided
the appropriate tools—restriction en-
zymes and gene probes with the right
specificities—are available. And they
may become available. Already about 80
restriction enzymes that recognize dif-
ferent DNA sequences have been identi-
fied and more are still being found.
Moreover, as Kan’s work has shown,
the altered restriction site need not be
within the gene of interest, although it
must be closely linked to that gene.

The principal reason why the current
work has centered around defects in glo-
bin genes has been the ready availability
of the appropriate probes. But probes for
other genes may also be produced soon.
For example, Thomas Maniatis of the
California Institute of Technology is cur-
rently developing a library of cloned hu-
man genes that should prove useful for
preparing probes. Thus, in the future, re-
striction mapping may prove feasible for
prenatal diagnosis of a wide range of ge-
netic defects.—JEAN L. MARX

The 1978 Nobel Prize in Physiology or Medicine

The 1978 Nobel Prize in Physiology or
Medicine was awarded to Werner Arber,
49, of the Biozentrum in Basel, Switzer-
land; Hamilton O. Smith, 47, of Johns
Hopkins University; and to Daniel Nath-
ans, 50, also of Johns Hopkins Universi-
ty. The awards recognize the develop-
ment of restriction endonucleases, en-
zymes that can be used to study genetic
organization and to manipulate DNA for
‘‘genetic engineering.’”” Arber is credit-
ed with having first predicted the exis-
tence of the enzymes, Smith with having
isolated the first such enzyme and de-
scribing its specific reaction, and Nath-
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ans with having first applied these en-
zymes to the study of gene organization
and regulation.

The development and application of
the restriction endonucleases is a prime
example of how scientific progress
can be achieved through interlaboratory
communication, with a concomitant
‘‘explosion”” of results and develop-
ments simultaneously in many institu-
tions throughout the world.

The story began in the early 1950’s
with the description of host-controlled
variation among bacterial viruses (bac-
teriophages), probably most system-
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atically presented by Salvador E. Luria
of MIT and by Giuseppe Bertani and
Jean J. Weigle. For example, when the
bacteriophage lambda (Table 1), is isolat-
ed after growth on a particular strain of
bacteria and replated on the same strain,
it forms plaques (infects) with a relative-
ly high efficiency. However, when these
phage particles infect a different strain,
only a few of them survive to form
plaques. But the progeny of these survi-
vors are adapted to the new strain in that
they now plate with high efficiency on
this strain. Thus, for example, when
grown on Escherichia coli B, lambda is
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modified so that it becomes able to grow
well on strain B; concomitantly its
growthon E. coli K becomes restricted.

By 1958 Arber had received a doctor-
ate from the University of Geneva for
work done with Eduard Kellenberger
and Weigle; he then worked in 1958 and
1959 in the United States with Bertani,
Gunther Stent, Joshua Lederberg, and
Luria. Upon his return to Geneva, Ar-
ber, with Daisy Dussoix, a graduate stu-
dent in his laboratory, embarked on a
study of the molecular basis of host-con-
trolled variation.

In 1962, Dussoix and Arber reported
their experiments showing that the host-
controlled ‘‘modification’” involved
changes in the DNA of the phage and
that “‘restriction’’ was accompanied by
degradation of the DNA. Although the
DNA breakdown was efficient in pre-
venting phage infection, it was limited
in that certain phage genes were still
expressed in abortively infected bac-
teria.

Arber next reported in 1965 that me-
thionine was required for the host-specif-
ic modification of DNA, and in 1966 Wil-
liam B. Wood—working in Arber’s labo-
ratory —showed genetically that the abil-
ities to modify or restrict DNA were
properties of the host and were appli-
cable to bacterial DNA that was foreign
to the cell as well as to virus DNA’s.

Based on these accumulated observa-
tions, a model evolved in Arber’s labora-
tory to explain restriction and modifica-
tion (Fig. 1). According to the model,
DNA would contain specific sites (se-
quences of nucleotides) that are recog-
nized and cleaved by restriction endo-
nucleases with a specificity character-
istic of a particular bacterial strain. In
order to protect its own DNA, the
bacterium would have a methylase that
recognizes the same sequence specifici-
ty; it would methylate such sequences,

Werner Arber
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Table 1. Relative plating efficiencies of phage
lambda on Escherichia coli strains B and K.
Phages A - B and \ - K were isolated after
growth on strains B and K, respectively.

Phage B K
A-B 1 4 x 1074
A-K 104 1

thus conferring a ‘‘modification’ that
protects them from the restriction endo-
nuclease. The model was soon con-
firmed by (i) the isolation by Urs Kuhn-
lein and Arber of phage mutants that had
become inert to restriction and modifica-
tion by mutation at recognition sites; (ii)
the direct correlation of DNA methyl-
ation with host-controlled modification
that was observed in studies of the phage
mutants by Kuhnlein, Arber, and John
Smith of the Medical Research Council
at Cambridge: (iii) the isolation of the E.
coli B modification DNA methylase by
Kuhnlein, Linn, and Arber; and, most
notably, (iv) the isolation of restriction
DNA endonucleases.

The recognition that site-specific DNA
endonucleases might exist set off a burst
of excitement among nucleic acid bio-
chemists because of their appreciation
that such enzymes would be invaluable
for sequencing DNA as well as for study-
ing its genetic organization. In addition,
such enzymes would perhaps open up
the possibility of manipulating DNA
structures in the test tube.

In Japan, in 1966, the first demonstra-
tion of restriction activity in vitro ap-
peared. Toshiya Takano, Tsutomu

Watanabe, and Toshio Fukasawa ob-
served an activity controlled by the R
factor, N-3, which could specifically in-
activate the infectivity of phage lambda
DNA. The R factors are episomal ele-
ments of bacteria that are generally
known for their ability to confer resist-
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ance to antibiotics on their host; how-
ever, in some instances they had also
been observed to introduce a modifica-
tion and restriction system into bacteria.
Unfortunately, the assay system used by
the Japanese workers did not suffice for
the purification of this activity away
from other nonspecific nucleases and
the enzyme could not be exploited.

In 1968, Linn and Arber in Geneva re-
ported the partial purification and char-
acterization of the restriction endo-
nucleases controlled by E. coli B and by
phage P1, while Matthew Meselson and
Robert Yuan similarly purified and char-
acterized the enzyme from E. coli K.
These enzymes were subsequently
shown to belong to a peculiar class—
now called type I—of restriction endo-
nucleases that recognize specific un-
modified DNA sequences, but cleave the
DNA at relatively random locations that
are far removed from the recognition
site. This was disappointing because it
meant that the type I restriction enzymes
were unsuitable for studying and manip-
ulating gene structure.

Two years later, however, Hamilton
O. Smith and his co-workers K. W. Wil-
cox and Thomas J. Kelley reported the
purification and characterization of the
first type II, or *‘specific’’ restriction
endonuclease. Smith had received an
M.D. at Hopkins and, after an intern-
ship and residency, decided to do re-
search in microbial genetics —first work-
ing at the University of Michigan from
1962 to 1967, then as a faculty member in
the Microbiology Department at Johns
Hopkins. In 1969, while studying the up-
take of DNA from the Salmonella phage
P22 into cells of Hemophilus influenzae,
strain Rd, Smith and his co-workers
made the chance observation that the
phage DNA was extensively degraded.
The degradative activity was subse-
quently observed in extracts from the
bacteria, and was shown to be a restric-
tion endonuclease by virtue of its inabili-
ty to act on DNA from the extract
source, H. influenzae. The restriction
enzyme activity, subsequently called
Hind II, was purified of contaminating
activities and was shown to recognize
the set of sequences

5'...pGpTpPy | pPuPApCp...3’
3'...pCpApPup 1 PypTpGp...5'

where Py and Pu represent any pyrimi-
dine or purine residue, respectively, and
the arrows indicate the cleavage sites of
the individual strands. The pattern of
a twofold rotational symmetry (both
strands have the same sequence when
read with the same polarity) has sub-
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Fig. 1. A model for host-controlled restriction
and modification based on early in vivo ob-
servations. [Modified from S. Linn et al., in
The Biochemistry of Adenosylmethionine, F.
Salvatore et al., Eds. (Columbia University
Press, New York, 1977)]

sequently been found to occur for virtu-
ally all of the sequences recognized by
type 1l enzymes.

The characterization of several R fac-
tor restriction endonucleases at the Uni-
versity of California, San Francisco, by
Herbert Boyer and co-workers (includ-
ing Howard Goodman, Daisy Dussoix,
Robert Yoshimori, and Joe Hedgepath)
rapidly followed. Those investigators pu-
rified the restriction enzyme Eco RI,
which was originally thought to be con-
trolled by an R factor but was sub-
sequently shown to be controlled by a
different kind of plasmid. They showed
that Eco R1 recognized the sequence

5'...pG | pApApTpTpCp...3’
3'...pCpTpTpApA 1 pGp...5'

and cleaved it in the staggered manner
shown. Likewise, the Eco RII, con-
trolled by the R factor, R-15, was puri-
fied and shown to recognize the set of
two sequences

5.0 pCpCp(’%)pGpGp..J’
3'...pGpGp({)pCpCp 1 ...5’

making the staggered breaks shown. As
originally noted by Janet E. Mertz and
Ronald W. Davis at Stanford, the stag-
gered nature of the breaks and their abili-
ty to be rejoined at low temperature have
important implications for the use of
these enzymes as reagents. For example,
since all DNA treated with Eco RI will
have the same termini, ‘‘recombination”
in the test tube becomes a relatively
simple task (Fig. 2).

At present, more than 80 restriction
enzymes have been purified and charac-
terized, thanks in large part to the
screening of a large number of bacterial
strains for specific endonucleases by
Richard J. Roberts at Cold Spring Har-
bor. The application of these enzymes to
the characterization and engineering of
DNA molecules over the past 7 years has
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virtually revolutionized molecular biol-
ogy and molecular genetics.

The first applications of a restriction
endonuclease to DNA characterization
were reported in 1971-1972 by Daniel
Nathans and his graduate student, Kath-
leen Danna at Johns Hopkins. Nathans
received an M.D. from Washington Uni-
versity, St. Louis. In 1959, after his resi-
dency, he embarked on a career in bio-
chemical research at the Rockefeller In-
stitute; he then joined the faculty in the
Department of Microbiology at Hopkins
and is now director.

Having direct access to Smith’s newly
discovered Hind II restriction endo-
nuclease, Danna and Nathans found that
the double-stranded circular DNA ge-
nome of simian virus 40 (SV40) could be
cleaved into 11 separable specific frag-
ments. This work was followed in 1972
by an elegant series of experiments
based on a paper from 1961 in which H.
Dintzis showed that the direction of syn-
thesis of the hemoglobin molecule was
amino- to carboxyl-terminus. Danna and
Nathans first deduced the physical order
of their 11 SV40 DNA ‘‘restriction frag-
ments’’ by analyzing for neighboring
fragments which were contained in
larger, incompletely broken pieces.
Then, by pulse-labeling the DNA during
its replication, treating the labeled DNA
with the restriction endonuclease, and fi-
nally separating the various fragments,
they could monitor the appearance of ra-
dioactivity in the individual fragments
and hence deduce the order in which
they were replicated. In this way, they
showed that DNA replication begins at a
unique origin and proceeds bidirectional-
ly around the circle, terminating roughly
180° from the initiation point.

During the following year Nathans and
co-workers went on to isolate SV40 mes-
senger RNA (mRNA) at various stages of
infection by the virus and to test the abil-
ity of the RNA to hybridize to the vari-
ous DNA ‘‘restriction fragments’’ by vir-
tue of their complementary nucleotide
sequences. In this way, a map of the
transcription sites (that is, the origin and
direction of each mRNA transcript dur-
ing viral infection) was obtained. In to-
tal, these pioneering experiments of
Nathans and co-workers set the stage for
a virtual barrage of DNA restriction maps,
transcript maps, and nucleotide se-
quences of isolated restriction fragments.

A more controversial development has
been the application of restriction en-
zymes to the isolation of particular genes
and the construction of recombinant
molecules consisting of DNA from two
different sources. Many of these experi-

+*GAATTC- —GAATTC—
++CTTAAG- ——CTTAAG—
oR|
) AATTCeeo —G AATTC—
wecTTAA Y G T —cTAA Y G—
Recombination
~~GAATTC— N ——GAATTC
~CTTAAG— —CTTAAG"

Fig. 2. Diagram showing how two different
double-stranded DNA molecules can be cut
by a restriction enzyme (designated Eco RI)
and then recombined to form a hybrid or re-
combinant DNA molecule. Because the en-
zyme cuts the two strands of the DNA’s in
the staggered manner shown, it generates
fragments with ‘‘sticky ends’’ that can adhere
to one another according to normal base-pair-
ing mechanisms. If a fragment from one DNA
molecule (represented by the dotted lines)
pairs up with a fragment from another mole-
cule (represented by the solid lines), a re-
combinant DNA molecule can form.

ments involve the combination of eu-
karyotic DNA with bacterial or viral
DNA in a single molecule, which is then
cloned by growing multiple copies of the
recombinant DN'A molecules in bacterial
or other host cells. Some scientists and
members of the public expressed fears
that such experiments could lead to the
production of new pathogens. The re-
sulting discussions led the National Insti-
tutes of Health to adopt a set of guide-
lines specifying the conditions under
which research with recombinant DNA
could be conducted.

Although no hazards have become ap-
parent, recombinant DNA research has
already had important practical con-
sequences for the analysis of the organi-
zation of eukaryotic DN'A’s and also for
the construction of bacterial *‘factories’’
for producing large amounts of pre-
viously scarce enzymes and hormones,
including human insulin. The tech-
nological developments leading to these
advances, many of which took place in
Paul Berg’s laboratory at Stanford, in
Kenneth and Noreen Murray’s laborato-
ry in Edinburgh, as well as in Boyer’s
and in Goodman’s laboratories at the
University of California, San Francisco,
and in Stanley Cohen’s laboratory at
Stanford, are certainly not to be over-
looked in terms of their important con-
sequences for future directions in bio-
medical research. Thus, the basic re-
search pioneered by Arber, Smith, and
Nathans, is being translated with unusu-
al rapidity into applications that could
hardly have been visualized a decade
ago.

STUART LINN
Department of Biochemistry,
University of California,
Berkeley 94270
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