
by the assay in suckling mice. This experi- 
ment does not violate the research guide- 
lines because it involves transfer of the en- 
terotoxin gene between strains of E. coli 
and not the introduction of a new gene into 
the species. 

Falkow hopes to be able to use the 
cloned DNA to identify the gene product 
and learn how it works. He has found, for 
example, that minicells (see below) bearing 
the recombinant plasmid contain five or six 
proteins not observed in minicells having 
only the carrier plasmid. The next step is to 
identify which of these proteins are in- 
volved in synthesis of the toxin. 

Minicells are formed by a mutant strain 
of E. coli that cannot synthesize DNA but 
that does bud to form small cells without 
chromosomes. Because these minicells are 
so much smaller than normal bacterial 
cells the two can be easily separated by 
centrifugation. Plasmids are taken into the 
minicells during budding and function 
there. Thus investigators can study pro- 
cesses controlled by plasmids in the ab- 
sence of those under chromosomal direc- 
tion. 

The bacterium E. coli is quite simple 
compared to nucleated cells, and more is 
known about it than about any other cell 
type. Consequently, the ability to put eu- 
karyotic genes into E. coli should give mo- 
lecular biologists a way to approach some 
of the many unanswered questions about 
the expression of these genes and how the 
expression is controlled. To do this, inves- 
tigators must first find out whether pro- 
karyotic enzymes will recognize and re- 
spond to the signals that control transcrip- 
tion and translation of the eukaryotic ge- 
nome. This is also important because, if 
they do not, a product such as insulin will 
not be synthesized by bacteria unless the 
recombinant DNA molecule also includes 
the appropriate prokaryotic control signals 
at the correct locations. 

Initiation of transcription of at least one 
kind of eukaryotic DNA--mouse mito- 
chondrial DNA---does occur on the eu- 
karyotic portion of the recombinant mole- 
cule in E. coli minicells. Cohen and David 
Clayton, also at Stanford University 

School of Medicine, formed recombinants 
between the whole mitochondrial chromo- 
some, which is a circular DNA molecule, 
and the pSC101 plasmid and cloned them 
in minicells. They found that portions of 
the mitochondrial genome were trans- 
cribed into RNA's, and the pattern of the 
RNA's formed indicated that the tran- 
scription originated at sites within the 
mitochondrial DNA itself. Cohen points 
out, however, that these transcription sig- 
nals to start do not appear to be the normal 
ones of the mitochondrial DNA. 

Cohen and his colleagues also examined 
protein synthesis in minicells containing 
the recombinant molecule and compared it 
with that of minicells having only pSC 101. 
They found that the recombinant trans- 
formed cells contained peptides not pro- 
duced by the pSC101 transformation and 
concluded that the peptides were trans- 
lated from DNA transcripts of the mito- 
chondrial DNA. However, these peptides 
differed markedly from those normally 
formed under the direction of the mito- 
chondrial chromosome. Thus, at this time 
there is no evidence that DNA from higher 
eukaryotic organisms will be expressed 
normally in bacteria. 

Although most investigators are now us- 
ing plasmids as cloning vehicles, bacterio- 
phages can also serve in this capacity pro- 
vided that they are suitably modified. Bac- 
teriophage DNA is larger than most plas- 
mids and will usually be split in more than 
one place by restriction enzymes. This 
would obviously complicate the process of 
constructing a workable recombinant. Mu- 
tants with only one or two enzyme-sensi- 
tive sites are needed. Moreover, nonessen- 
tial DNA must be deleted to make room 
for additional DNA; otherwise, the re- 
combinant would not fit in the protein coat 
of the phage. Finally, these alterations 
must not destroy the capacity of the phage 
to infect and reproduce in bacteria. 

Three investigators, Davis, Kenneth 
Murray of the University of Edinburgh, 
and Alain Rambach of the Pasteur Insti- 
tute, have altered bacteriophage lambda 
DNA so that it meets these criteria. This 
DNA normally has five sites that are 

cleaved by Eco RI. The investigators have 
been able to produce mutants with only 
one or two. Davis, for example, con- 
structed a mutant with two cleavage sites. 
Digestion with Eco RI therefore produces 
three fragments. The small central frag- 
ment includes no genes needed for phage 
propagation. It can be separated from the 
two larger end fragments. These have the 
genes required for infection and reproduc- 
tion in the host bacterium, but when joined 
together, they form a molecule that is too 
small to be active. However, if another 
piece of DNA is inserted between them, a 
viable phage results. The fact that the 
phage cannot reproduce unless the DNA is 
of the correct length provides a mechanism 
for selection of recombinant molecules. 
Davis has used this modified phage to 
isolate ribosomal RNA genes of yeast. 

One of the advantages of using bacterio- 
phage lambda DNA is that this genome 
has been extensively mapped and its con- 
trol regions identified. It may be possible 
to construct a recombinant molecule be- 
tween eukaryotic DNA and a modified 
lambda DNA in such a way that the ex- 
pression of the eukaryotic material is con- 
trolled by phage genes. 

Recently, Philip Leder and his col- 
leagues at the National Institute of Child 
Health and Human Development further 
modified the phage developed by Davis in 
order to make it even more suitable for use 
as a cloning vehicle. They introduced one 
mutation that allows the growth of large 
quantities of the virus in a relatively small 
volume. Two additional mutations im- 
prove the safety of the vector by reducing 
the possibility of its encountering a suitable 
host in nature. 

Many problems, including the current 
inability to demonstrate that eukaryotic 
genes are expressed in bacterial cells, will 
have to be solved before recombinant 
DNA techniques find practical application. 
Most investigators, however, are optimis- 
tic that the difficulties can be overcome. 
Meanwhile, molecular biologists have a 
powerful tool with which to explore the 
riddles of gene structure and function. 

-JEAN L. MARX 

Laser Enrichment: Time Clarifies the Difficulty 
For several years, laser techniques have 

stood out as the most exotic and promising 
new methods of uranium enrichment. The 
idea is that monochromatic laser beams 
can be used to separate isotopes on the 
basis of miniscule chemical differences 
long thought to be too small to exploit. 
The promise is that laser methods could 
potentially save as much as half the cost 

and 90 percent of the energy used in 
present enrichment methods. Many ob- 
servers have feared that laser methods 
would be so easy to implement that they 
might also, as one weapons scientist said, 
enable people to "build bombs in their 
basements." 

The status of laser enrichment tech- 
nology has been obscured by the secrecy 

imposed on the research, in the govern- 
ment weapons laboratories at Los Alamos 
and Livermore and at the Avco-Exxon Nu- 
clear laboratories where a large amount of 
industrial research is done. Perhaps the 
clearest perspective to date was presented 
last month at an American Physical So- 
ciety meeting in New York, where repre- 
sentatives from all three laboratories 
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spoke. While there was no indication 
that the big laboratory programs are slow- 
ing down, the discussions in New York dis- 
pelled the idea that laser enrichment is a 
simple technique that any trained scientist 
can duplicate with a few store-bought la- 
sers. 

The major motivation for the laser de- 
velopment programs is to produce fuel for 
nuclear power stations. All the present 
power reactors, except the Canadian 
CANDU reactor, require fuel that is en- 
riched in 235U, so that shortages of enrich- 
ment capacity could slow down and possi- 
bly cripple nuclear power development. 
But the gaseous diffusion method now used 
for uranium enrichment is becoming in- 
creasingly expensive, particularly because 
it requires prodigious quantities of electric- 
ity. Laser and centrifuge methods offer al- 
ternative ways to enrich uranium, with 
much less energy consumption. Still anoth- 
er method, the nozzle process which is re- 
portedly the basis for the enrichment tech- 
nology West Germany sold to Brazil (Sci- 
ence, 30 May 1975), is more energy-in- 
tensive than gaseous diffusion. 

One comparison of the critical data for 
laser, centrifuge, and gaseous diffusion 
plants shows that the laser methods win 
over the centrifuge by a slight margin in all 
categories (Table 1). The figures were com- 
piled by Richard Levy of the Exxon Nucle- 
ar Corporation and presented in New 
York. The Aveo-Exxon Nuclear partner- 
ship just last week announced its intention 
to build a $15 million test facility for laser 
enrichment at Richland, Washington. Due 
to be completed in 1978 or 1979, the facil- 
ity could be later upgraded into a pilot 
plant. Application is pending before the 
Nuclear Regulatory Commission. 

The figures for laser enrichment only 
refer to the type of system that is based 
on atomic uranium vapor. Atomic enrich- 
ment methods are being studied at Liver- 
more, as well as at Exxon-Avco, and mo- 
lecular methods are being studied at Los 
Alamos. Estimates of plant costs from 
Livermore are lower but fairly consistent 
with the ones in Table 1 as they should be 
if they refer to basically similar atomic sys- 
tems. Los Alamos spokesmen have appar- 
ently always said that their method had the 
most potential for radical reductions in 
size and cost, and their plant projections 
reflect such optimism. According to Paul 
Robinson, a plant based on the Los Ala- 
mos molecular scheme would cost only 10 
percent as much as a. diffusion plant, and 
the size (for a capacity of 6000 to 7000 
metric tons) would be only 1 acre. 

Just how far have laser technologies 
progressed? Gaseous diffusion plants have 
been operated for 30 years, and the total 
capacity of U.S. plants, now being up- 
graded, is 17,000 metric tons. Centrifuge 

Table 1. Costs and performance factors for 
three types of uranium enrichment. The basic 
measure of uranium enrichment is the separa- 
tive work unit (SWU); 1000 SWU is equivalent 
to 1 metric ton. The laser estimates refer to 
methods for separating uranium atoms, but not 
uranium molecules. [Source: Richard H. Levy, 
Exxon Nuclear Corporation] 

laser Centri- Diffu- 
fuge sion 

Separation factor 10 1.0043 
Energy require- 

ment (kilowatt- 
hour/SWU) 170 210 2100 

Capitol cost ($/ 
SWU) 195 233 388 

Economic size 
(metric tons) 3000 3000 9000 

Process 'area 
(acres) 8 20 60 

Possible comple- 
tion date 1986 1982 1985 

technology is being tested in a 25 metric 
ton pilot plant in Europe, but has not quite 
reached that stage in the United States. 
Laser methods, so far as anyone has re- 
ported, have produced only 2.5 milligrams 
of enriched uranium, which now sits in a 
paperweight on the desk of Robert C. Sea- 
mans, Jr., head of the Energy Research 
and Development Administration. 

Any technology that produces slightly 
enriched uranium can also be used to pro- 
duce highly enriched uranium for weapons, 
but the practical difficulties vary. Gaseous 
diffusion has such a small separation fac- 
tor (the amount by which enrichment is in- 
creased) that 1200 stages are needed for re- 
actor fuel and 4000 stages are needed for 
weapons-grade material. Centrifuges and 
lasers have much better separation factors. 
The European centrifuges have an enrich- 
ment factor of 1.5 to 2.0, according to Jack 
Ruina of the Massachusetts Institute of 
Technology, and the American ones do 
considerably better, although the sizes and 
separation factors of the larger American 
machines are classified secrets. Both laser 
and centrifuge methods appear to be ca- 
pable of high enrichment with relatively 
few stages, and for a small output they 
would be considerably cheaper than gas 
diffusion, according to Ruina. But the dan- 
ger of nuclear weapons proliferation from 
the spread of laser methods was considered 
to be no greater than the danger from 15- 
year-old centrifuge technology, according 
to the experts who discussed it in New 
York. 

Instead of dwelling on laser enrichment 
techniques the eminent panel, convened to 
talk about "Uranium enrichment and 
arms control," repeatedly gravitated to- 
ward the subject of plutonium as a weap- 
ons material. Five of the six nations that 
have tested nuclear weapons built their 
first bomb from plutonium, rather than en- 
riched uranium, as Herbert York of the 

University of California, San Diego, 
noted. India recently showed that it is rath- 
er simple to produce plutonium from a 
CANDU reactor and develop the chemical 
reprocessing technology to extract it from 
the irradiated fuel. The consensus of the 
panel, which also included Ruina and Har- 
old Agnew, director at Los Alamos, was 
that the principal dilemma for arms con- 
trol is to find a way to promote nuclear 
power while inhibiting nuclear arms. Laser 
enrichment technologies are not only diffi- 
cult but also expensive and, as one observ- 
er noted, "Even a terrorist has to be cost- 
effective." 

Some of the difficulties of laser enrich- 
ment were discussed by Richard Levy. In 
both atomic and molecular schemes, pow- 
erful lasers that can be tuned to the proper 
wavelengths are needed before tons of ura- 
nium can be enriched. "This is not a game 
that you can play with flashlights," Levy 
said. For the atomic methods, cells hun- 
dreds of meters long are needed to absorb 
all the laser light. Two or more lasers are 
needed to ionize the atoms. But two-step 
methods tend to produce a high population 
of atoms in an intermediate excited state- 
the condition for lasing. So if a laser en- 
richment plant is not properly designed, 
according to Levy, "You may build a fac- 
tory and get the world's largest uranium 
laser!" Other problems are to find ways to 
produce the tons of uranium feed needed 
for a plant, holding the power costs for va- 
porization to a minimum, and to devise 
good engineering methods to condense 
both the enriched and the depleted urani- 
um at the end of the separation process. 

The problems for the molecular ap- 
proach are considerably different, and in 
fact the research on the major problem was 
just declassified in time for the New York 
meeting, where the secret of the Los Al- 
amos work was disclosed. Not unexpect- 
edly, the news is that the Los Alamos team 
has been concentrating on uranium hex- 
afluoride (UF6), which is used in centrifuge 
and gaseous diffusion enrichment because 
it becomes a vapor at the low temperature 
of 570C. 

The problem with UF6 is that the mo- 
lecular states are very dense and tend to 
overlap, so that it is impossible to find any 
wavelength at which 23'UF6 absorbs light 
but 238UF6 does not. At familiar temper- 
atures most UF6 molecules will not be 
found in the ground state, but will be dis- 
tributed in a band of some 12,000 excited 
states, while to get a selective effect by ex- 
citing certain states and not others, you 
need to start with a large number of mole- 
cules in a common state. The Los Alamos 
scheme is to force the UF6 through an ex- 
pansion nozzle at supersonic speeds. The 
gas is drastically cooled on leaving the 

(Continued on page 1193) 
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(Continuedfrom page 1163) 
nozzle and a "good fraction" of the mole- 
cules are left in the ground state. 

The next step is to dissociate the 235UF6 
molecules, using one-of several laser ar- 
rangements. Unfortunately, the Los Al- 
amos researchers have not had powerful 
enough lasers at the proper infrared 
wavelengths to do any actual separation 
yet. What they presented in New York was 
an absorption spectrum, for light at a 
wavelength of about 16 micrometers, that 
showed a 235UF6 feature clearly distinct 
from several 238UF6 features. The spec- 
trum was measured with a tunable diode 
laser producing only about 100 microwatts 
of power. The Los Alamos team is now so- 
liciting bids on bigger lasers. They estimate 
that for early experiments they need at 
least a few milliwatts at the exact wave- 
length (still classified), and 100 watts for 
commercial applications. The molecular 
methods generally require a second laser of 
greater power, either ultraviolet or infra- 
red, to dissociate UF6. 

The Los Alamos announcement was less 
dramatic than might have been expected. 
Richard Levy characterized it as "an inter- 
esting footnote to a process for which there 
are no obvious barriers to success." 

Last year the Los Alamos researchers 
achieved successful laser isotope sepa- 
ration of sulfur hexafluoride (SF6). In that 
case, the proof did not have to be held up 
for new laser development, because the SF6 
molecule could be dissociated by the infra- 
red light of a carbon dioxide laser-the 
most powerful infrared laser now made. 
For uranium hexafluoride, proof of the 
method awaits the development of a pow- 
erful laser at a wavelength further into the 
infrared than any of the intense lasers now 
available. 

Since atomic methods of uranium iso- 
tope separation can be done with lasers off- 
the-shelf, even though atomic method pro- 
ponents would like more power, molecular 
methods seem to be a greater gamble. The 
appeal is that they eliminate a number of 
difficulties, such as the corrosiveness of 
high-temperature uranium vapor, and the 
tendency of ionized 235U atoms to recom- 
bine before they can be isolated. The prep- 
aration and separation techniques of the 
molecular method would be chemical 
rather than physical, and this feature 
appeals to those who believe that chemical 
techniques are better suited for factories 
where a large flow of materials is 
essential. 

The Los Alamos team is investing much 
money and manpower in proving that their 
methods are superior. The next few years 
should show whether the promise of' the 
molecular approach is realizable. 

-WILLIAM D. METZ 
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Counting tritiated blood samples 
larger than 100,ul has been a prob- 
lem owing to severe color quench- 
ing by the samples and chemical 
quenching by the reagents. These 
problems can now be overcome. 

In a procedure recently de- 
veloped at NEN's LSC Applications 
Laboratory, up to 1.0ml of whole 
blood can be incorporated without 
these problems, at the same time 
yielding tritium counting efficien- 
cies which are quite reasonable. 
PROTOSOL? is the solubilizer and 
BIOFLUORTM Cocktail isthescintil- 
lator. 

If this procedure would be 
helpful to you in your work, ask for 
LSC Applications Note #2: 
Preparation of Whole Blood for 
LSC, by Dr. Yutaka Kobayashi. 

I? New Englandi Nuclear 
549 Albany Street, Boston, Mass. 021 18 
Customner Service 617-482-9595 

NEN Canada Ltd., Lachine, Quebec; 
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