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LIVING OOCYTE of the South African clawed frog Xenopus laevis
is microinjected with a foreign messenger RNA. The messenger codes
for rabbit globin, and the unspecialized odcyte, a precursor of the
frog egg, will synthesize rabbit hemoglobin, which is ordinarily pro-
duced only in specialized red blood cells of a very different animal.
The large, bicolored odcytes are about a millimeter in diameter; the

smaller pale cells are immature odcytes. The sharpened glass needle
(top left) with a tip about 20 micrometers (thousandths of a millime-
ter) in diameter, connected by oil-filled tubing to a syringe, can accu-
rately deliver volumes of fluid as small as 10 nanoliters (billionths
of a liter), and it is possible to inject more than 200 odcytes an hour.
The photomicrograph was made by the author and Neil Papworth.




Rabbit Hemoglobin
from Frog Eggs

Messenger RNA from a specialized cell of one species is translated

by the egg of another species. Such molecular biology experiments,

done in living cells, give information on control of gene expression

hat happens if a frog egg is giv-
; ’x / en instructions, in the form of
a particular molecule of the
nucleic acid RNA, to make rabbit he-
moglobin? The egg makes rabbit hemo-
globin. What if the frog egg is supplied
with the RNA molecule that specifies
honeybee venom? It makes honeybee
venom. Such results are not merely bi-
zarre biochemical anomalies. They pro-
vide significant information about the
expression of particular genes in partic-
ular cells. The control of gene expres-
sion is central to normal animal devel-
opment and to such abnormal processes
as cancer, birth defects and metabolic
disorders of genetic origin. The experi-
ments I shall describe are attempts to
gain an understanding of that control by
doing molecular biology in living cells.
We inject various components of differ-
entiated cells back into embryonic cells
in order to study the molecular mecha-
nisms involved in development.

The fertilized egg contains, encoded
in the nucleotide sequences of DNA
molecules, all the genetic information
that has been passed from one genera-
tion to the next and that will specify the
nature of the many different specialized
cells of the adult organism: blood cells,
muscle cells, skin cells and dozens of
other cell types, each with a distinct rep-
ertory and schedule of protein synthesis
and therefore of functions. How do all
those specialized cells arise? It is not
that each cell type is allocated only the
particular genetic information it re-
quires to become its specialized self; all
the cells of a given organism have the
same complement of DNA as they em-
bark on differentiation. If each cell con-
tains a complete set of genes, it must be
that different genes are expressed in dif-
ferent cells and at different times. How,
then, is the expression of genes con-
trolled?

Many of the early triumphs of molec-
ular biology stemmed from the purifica-
tion and structural analysis of such large
molecules as those of DNA, which car-

by Charles Lane

ries the genetic information, the various
RNA'’s, which mediate the translation of
the information into proteins, and some
of the proteins thus produced. Next the
function of such molecules was studied
in cell-free systems: laboratory solu-
tions whose chemistry is nicely adjusted
to support many of the reactions that
take place in living cells. Knowledge of
the structure and behavior of molecules
in laboratory glassware does not yield
unequivocal information, however, on
their nature and function in the normal
living cell. It is better to work, if possi-
ble, in the cell itself. For example, the
most dramatic confirmation that spe-
cialized cells contain a complete set of
genes, and hence a full set of DNA mol-
ecules, was produced in 1962 by John B.
Gurdon of the University of Oxford,
who extracted nuclei taken from the in-
testinal epithelial cells of tadpoles and
transplanted them into frog eggs from
which the nuclei had been removed [see
“Transplanted Nuclei and Cell Differ-
entiation,” by J. B. Gurdon; SCIENTIFIC
AMERICAN, December, 1968]. Some of
the eggs developed into normal, fertile
adult frogs, which meant that epithelial
cells must contain all the genes required
for normal development.

Those nuclear-transplantation experi-
ments were the technical and intellec-
tual starting point for the microinjec-
tion experiments with which this article
deals. Whereas transplanting nuclei into
eggs establishes variable gene activity as
the key to differentiation, injecting vari-
ous purified macromolecules (primarily
different kinds of information-bearing
RNA) explores the means by which the
normal living cell brings about this se-
lective expression of genetic informa-
tion.

here are many stages at which con-
trol might be exerted. The flow of
information from the genes in the cell
nucleus to the protein-synthesizing ma-
chinery in the cytoplasm is a complex
process involving a multitude of molec-

ular components, and the flow could be
regulated, both qualitatively and quan-
titatively, at many points [see illustration
on next page]. The transcription of the
gene’s DNA coding sequences into
RNA provides one obvious opportunity
for control. The RNA molecules that
are initially transcribed (heterogeneous,
or premessenger, RNA) are probably
larger than the information-bearing
messenger-RNA molecules that reach
the synthesizing machinery; both the
cleaving of messenger-RNA sequences
from their longer precursors and their
passage out of the nucleus might be sub-
ject to control. Thereafter specific com-
ponents could combine with particular
messenger RNA's and “mask” them; the
genes coding for such RNA’s would be
expressed when the RNA was somehow
unmasked. Certain elements of the sys-
tems that translate messenger RNA into
protein—perhaps the transfer-RNA
molecules that deliver the appropriate
amino acid units, or the ribosomes (with
their associated protein factors) on
which the amino acids are assembled
into polypeptide chains—could be re-
stricted, in particular cell types, in their
ability to read particular messengers. In
the absence of absolute restriction the
rate of protein synthesis could be de-
termined by differences in the relative
efficiency of translation of particular
RNA'’s. Frequently the completed poly-
peptide chain does not become a func-
tional gene product until after second-
ary modification of the amino acid
sequence or assembly into a multiple-
chain structure or even incorporation in
a subcellular organelle; such modifica-
tion and assembly could also be con-
trolled to modulate the expression of
genes.

We have been testing many of these
possible control points by injecting ma-
terial into the eggs or odcytes (egg pre-
cursors) of the South African frog Xeno-
pus laevis. They are easy to obtain in
large numbers. They are enormous; a
fully grown odcyte, just before it is
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transformed by a hormonal stimulus
into an egg, is more than a millimeter in
diameter, some 10,000 times larger than
a frog liver cell. And it is resilient
enough to withstand the injection of an
amount of fluid equal to 5 percent of its
volume.

In 1963 Gerard Marbaix, A. Burny
and H. Chantrenne of the Free Universi-
ty of Brussels purified an RNA species
they believed to be the messenger speci-
fying globin, the protein component of
hemoglobin. It was the expected size
(nine Svedberg units) and was found
linking polyribosomes, or groups of ri-
bosomes, in rabbit reticulocytes: imma-
ture red blood cells that make hemoglo-
bin and little else. Six years later the Bel-
gian workers had still not been able to
demonstrate biological activity in their
9S fraction, but that year Raymond E.
Lockard and Jerry B. Lingrel of the Uni-
versity of Cincinnati managed to trans-
late a similar 9 fraction in a cell-free
system, a lysate of red blood cells. At
that time Gurdon and I were experi-
menting with the injection into odcytes
of reticulocyte polyribosomes. Marbaix
joined our laboratory at Oxford, and we
undertook to inject the purified 95 frac-
tion.

We dissolved the 95 RNA in a sim-
ple buffer solution and injected about 50
nanoliters (billionths of a liter) into each
of 20 odcytes. The odcytes were incu-
bated overnight with a radioactively la-
beled amino acid. Then an extract of the
odcytes, to which unlabeled rabbit he-
moglobin had been added as a marker,
was passed through a column of Sepha-
dex, which separates molecules accord-
ing to size. The same things were done
with control odcytes, which had been
injected with buffer lacking globin
RNA. The extract from RNA-treated
odcytes turned out to contain radioac-
tive molecules that were in the same
Sephadex fraction—were the same size
—as the unlabeled rabbit hemoglobin
molecules (which were identified by
their color); the extract of the control
odcytes did not contain those radio-
active molecules [see illustrations on
next two pages]. In other words, the
RNA-treated odcytes appeared to be
synthesizing spectacular amounts of he-
moglobin.

‘What kind of hemoglobin was it? Was

it really the injected rabbit messenger
RNA that was directing the synthesis or
could the dormant hemoglobin genes of
the odcyte itself have been awakened? A
hemoglobin molecule is a complex of
two pairs of globin chains, usually
called the alpha and the beta chains, and
four heme groups. The two kinds of glo-
bin chains can be separated from each
other by ion-exchange chromatogra-
phy; moreover, globin chains of differ-
ent animal species can be resolved into
distinct, identifiable peaks on the chro-
matogram. We isolated globin messen-
ger RNA from duck and mouse red
blood cells as well as from rabbit cells
and repeated the first experiment with
each kind of messenger—injected the
RNA into odcytes, cultured the obcytes
with radioactive amino acids and added
marker globin from the appropriate spe-
cies—and put the extracts through a
Sephadex column to partially purify the
hemoglobin and then through an ion-
exchange column to separate the globin
chains. In each case the radioactive 06-
cyte-derived chains chromatographed
with the appropriate marker globin
chains; in the case of control odcytes
into which messenger RNA had not
been injected there was no synthesis of
radioactive globin chains of any kind
[see illustration on page 66]. In other
words, the response to an injected globin
messenger depends on the species of the
messenger: rabbit messenger directs the
synthesis by frog odcytes of rabbit alpha
and beta globins, duck RNA specifies
the production of duck globins and so
on. The machinery of the unspecialized
frog odcyte can translate the biological
information contained in messenger
RNA from the highly differentiated,
specialized rabbit, duck or mouse red
blood cell; therefore at least some of the
translation systems of the odcyte can
handle messenger RNA from both an-
other cell type and another species; they
are neither “cell type-specific” nor “spe-
cies-specific.”

It was just conceivable that the pres-
ence of a messenger from an alien spe-
cies had broken down normal restric-
tions on the translation of a messenger
from another cell type. We needed to
rule out the possibility that there are cell
type-specific translation restrictions that
are themselves species-specific. Michael

FLOW OF INFORMATION from nucleus to cytoplasm, the pathway leading to gene expres-
sion, might be subject to control at a number of points (colored stars). All genes are present
in almost all cells, but different genes are expressed in different specialized cells: the genes
for alpha globins and beta globins in red blood cells (left), for instance, and the gene for vitel-
logenin in liver cells of the female frog (right). The nucleotide sequences of the DNA (the
genes) are transcribed into similar sequences of RNA. The initial transcript is probably into a
precursor to which a string of adenylic acid nucleotides (4) is added; this premessenger RNA
is processed to form messenger RNA, which leaves the nucleus and—if it is not masked or
degraded—becomes attached to ribosomes and is translated into a polypeptide chain. The com-
pleted chain may be modified in various ways, as in the case of the proteins whose formation
is illastrated. Two alpha and two beta globin chains are combined with one another and with
four heme groups to form hemoglobin; the large vitellogenin chain is modified chemically and
assembled into the yolk platelets in the odcyte, where it is cleaved to form two yolk proteins.

Berridge, Hugh R. Woodland and I pre-
pared messenger RNA's for frog globin,
frog egg-yolk protein and frog albumin,
extracting and partially purifying the
last two from the liver, where yolk pro-
tein and albumin are synthesized. When
we injected them into frog odcytes, the
liver messenger directed the synthesis of
either yolk protein or albumin and the
red-cell messenger brought about hemo-
globin synthesis. It was now strictly logi-
cal to conclude that some of the transla-
tion systems of the odcyte are not cell
type-specific.

If messenger RNA's from vertebrates
as different as the mouse and the
duck could function in the amphibian
odcyte, was it possible that RNA from
even a different phylum could function
there? Together with Ingela Kindas-
Mugge and Gunther Kreil of the Austri-
an Academy of Sciences, we decided to
test an insect RNA: the messenger for
honeybee venom. The venom gland of
the honeybee, Apis mellifera, synthesizes
promelittin, a polypeptide of 34 amino
acids that is subsequently cleaved to
form the toxin melittin. Since the ami-
no acid sequence of promelittin was
known, the faithfulness of translation of
an injected messenger could be rigor-
ously tested. We isolated messenger
RNA from venom glands and injected it
into frog odcytes. After incubation
overnight we made an o6cyte extract
from which we were able to purify a
protein with the characteristics of pro-
melittin. Apparently the translation ma-
chinery of the odcyte is—again at least
in part—not even phylum-specific.
Moreover, the vertebrate system trans-
lates the arthropod RNA faithfully:
most of the amino acid sequence of the
odcyte product was determined, and it
was found to perfectly match the known
sequence of the venom-gland product
[see illustration on page 67]. The odcyte
does, however, appear to lack posttrans-
lation modification systems that are
present in the venom gland. An amino
group (NH,) is added to the amino acid
(glutamine) at one end of the promelit-
tin from honeybees, but the odcyte
product does not undergo this amida-
tion. And the odcyte promelittin, unlike
the bee protein, is not cleaved to form
melittin.

Workers in several laboratories have
now tested a diverse spectrum of mes-
sengers, and the results indicate that any
messenger RNA from a eukaryotic cell
(a cell with a membrane-bounded nucle-
us) can be translated by the odcyte. It is
difficult to prove that a particular RNA
cannot be translated, since negative re-
sults could be the consequence of mes-
senger instability before injection, of
degradation, modification or loss of the
translation product or of other factors;
it does seem, however, that only eu-
karyotic RNA'’s function in the odcyte.
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For example, synthetic polymers con-
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viral RNA’s if they are from viruses
that infect bacteria (the latter are pro-
karyotes and lack nuclei) rather than
plants or animals.

The very general nature of this trans-
lation system suggests, if it does not
prove, that any of the odcyte’s protein-
manufacturing assemblies can be pro-
grammed by any eukaryotic messenger
RNA. One can, of course, argue that cell
type-specific messengers require specific
translation factors, and that the frog cell
contains a complete set of such factors.
Since promelittin has never been found
in any vertebrate tissue, however, the
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ALPHA AND BETA GLOBIN explained, however, by the lack of any

requirement for translation factors spe-
cific to particular messenger RNA's.
This is not to say that message-specific
factors might not exist in more special-
ized cell types.

MESSENGER RNA

INCUBATE WITH

i e A he odcyte provides more than a set

of nonspecific translation systems.
The translation machinery is not isolat-
ed in a test tube but is part of the living
_—~ AMINO ACID cytoplasm and is influenced by it; the
polypeptide chains formed under the di-

9S RNA rection of a foreign messenger are ex-
posed to the enzyme systems present in

A P the cytoplasm of the injected cell. When
we programmed odcytes with messen-

ger RNA from lens cells of the calf eye,

we were surprised to see not only that

ADD UNLABELED the lens protein crystallin was synthe-
MARKER HEMOGLOBIN sized in the obcytes but also that an ace-
tyl group (CH3CO) was added at the
amino (NH,) end of the protein chain.
This is the same modification that crys-
tallin undergoes when it is made in the
UNLABELED HEMOGLOBIN calf lens cell itself. The secondary-mod-
LABELED FROG PROTEIN ification reaction that results in the

0OCYTE

FROG OOCYTE RNA

LABELED FROG PROTEIN

® el LABELED HEMOGLOBIN

HEMOGLOBIN is synthesized in Xenopus
obcytes injected with messenger RNA from
rabbit red blood cells. The messenger is ex-

SEPHADEX tracted from reticulocytes, immature red cells,
COLUMN ::1—— AMINO ACID and is injected into odcytes that have been re-

: moved from the ovary. The injected cells are

BELED HEM incubated with a radioactive amino acid (col-

Pz LA LU HENOS1 COIN ored dots), thus labeling the proteins that are

©%e'e1—— UNLABELED HEMOGLOBIN synthesized. An extract of the cells, to which

b oo rabbit hemoglobin has been added as a mark-
Ol er, is passed through a Sephadex column. The
8 O LARELEE T i FhoTEn column separates fhe various proteins accord-
ing to size: radioactive frog-odcyte proteins
(colored circles), rabbit hemoglobin (black
disks) and also a radioactive protein (colored
disks) that subsequent analysis shows is he-
moglobin (see illustration on opposite page).
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OOCYTE-SYNTHESIZED HEMOGLOBIN is identified by Seph-
adex chromatography. The various fractions, separated by size, are
examined for radioactivity and for optical density, or color intensity.
The charts show the results for odcytes microinjected with rabbit
messenger (left) and for control obcytes that were injected with buf-
fer solution only (right). In both cases a major peak in the optical-

acetylation of crystallin is not, in other
words, confined to the highly differenti-
ated lens cell. That some proteins are
acetylated and others are not must stem
from the specificity of the acetylating
enzyme for particular amino acid se-
quences; provided only that those se-
quences appear (in this case on a poly-
peptide chain specified by a foreign
RNA), the enzyme does its work. Sec-
ondary modifications of this type ap-
pear to be a consequence rather than a
cause of cell differentiation. So far there
has been no exception to the general
finding that the secondary-modification
reactions occurring in the specialized
cells of vertebrates also occur in 06-
cytes, for example acetylation, hydroxy-
lation, phosphorylation and polypep-
tide-chain cleavage. We expect to find
certain exceptions, however. The inabil-
ity of odcytes to cleave insect promelit-
tin into the secreted product melittin
probably stems not from the inverte-
brate origin of the molecules but from a
general lack in the odcyte of the enzyme
systems that are associated with exter-
nal secretion.

The cytoplasmic milieu supports as-
sembly processes as well as enzymic re-
actions. For example, the globin chains
made under the direction of injected
messenger RNA go on to combine with
newly synthesized obcyte heme; there
is indirect evidence that some of the
chains assemble, within the odcyte, to
form four-chain hemoglobin molecules.
Injected messenger RNA for frog egg-
yolk protein programs the synthesis of
the giant polypeptide vitellogenin. The
polypeptide is incorporated into yolk
platelets and is cleaved by an enzyme
into the main constituents of egg yolk,
the proteins phosvitin and lipovitellin.
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Vitellogenin is normally made in the liv-
er of the adult female frog and is then
transported to the odcyte; the experi-
ment shows that the subcellular destina-
tion and processing of yolk proteins do
not depend on the oécyte’s having ab-
sorbed vitellogenin from the blood-
stream.

1l this information narrows down
the range of levels within which con-
trol must be mainly exerted. We have
found that in the odcyte the interaction
between an available “free” messenger
and the living cytoplasm leads automat-
ically to translation, to secondary modi-
fication and even to assembly into multi-
ple-chain proteins and into subcellular
organelles. Other living cells may differ
from the odcyte in the precise nature of
the controlling step, although many ap-
pear to be similar in that the flow of
genetic information seems to be con-
trolled at some level prior to the appear-
ance of free messenger RNA; in the 06-
cyte, once the messenger is available the
expression of genetic information fol-
lows as an automatic consequence.
Qualitative regulation, then, implies the
modulation of such mechanisms as tran-
scription, the selection of particular
molecules of premessenger RNA, the
movement of messenger RNA out of the
nucleus and the unmasking of stored
messengers. The o6cyte and egg systems
can be exploited for identifying and ana-
lyzing the critically important control
elements that must operate at one of
these pretranslation levels or more.

We found that the injection of either
reticulocyte polyribosomes or complex-
es of messenger RNA with its attendant
proteins leads, as the introduction of pu-
rified messenger RNA does, to the syn-

density curve (black) identifies the red rabbit hemoglobin added as
a marker. Both radioactivity curves (color) have peaks for newly syn-
thesized frog proteins and for unincorporated amino acid. The radio-
activity curve for RNA-injected odcytes, but not the one for control
odcytes, has another peak that coincides with the hemoglobin peak:
the RNA-injected odcytes appear to have synthesized hemoglobin.

thesis of globin chains. Tracing the pos-
sible control stages back toward the
hemoglobin gene itself, the next logical
question is whether or not the large mes-
senger-RNA precursor has a globin-syn-
thesizing capability. When Sau-Ping
Kwan and I tested the globin-forming
activity of precursor preparations de-
rived from mouse and duck cells, the
oocytes did synthesize mouse and duck
globins. The difficulty is that the odcyte
system detects minute amounts (less
than a picogram, or a trillionth of a
gram) of globin messenger, and so the
precursor preparation must not be con-
taminated with even a trace of ma-
ture messenger. Contamination is hard
to discern, because small messenger
RNA’s might aggregate to form what
seems to be a large precursor molecule.
We therefore mix in some rabbit-reticu-
locyte polyribosomes containing ma-
ture globin messenger; if what is intend-
ed to be a mouse or a duck messenger-
precursor preparation makes any rabbit
globin, it must be contaminated with
mature messenger. Unfortunately that
has been the case in all the experiments
to date, and so we can only say it is
probable that the information in mes-
senger-RNA precursors can be translat-
ed by the obcyte. The point remains to
be proved.

The mass of evidence accumulated
from other developing systems suggests
that control of gene expression at the
level of messenger-RNA synthesis is of
primary importance. Microinjection ex-
periments, by showing the lack of quali-
tative control once messenger is avail-
able, also point to events occurring
within the nucleus. The unmasking of
preformed messengers, however, may
also play an important regulatory role,
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particularly during early development.
Oocytes probably contain a stockpile
of inactive messengers in addition to the
ones that are actively engaged in the syn-
thesis of proteins.

The fact that there are nonspecific
translation systems within eggs and
odcytes does not in itself prove that the
machinery of more specialized cell
types is equally general; the differentiat-
ed state could be stabilized, or even cre-
ated, by selectivity at the level of the
translation machinery. However, in an
elegant experiment Gurdon, Woodland
and Lingrel have produced muscle cells
that make hemoglobin and have thus
gone some way toward showing that
even highly specialized cells can trans-
late any messenger. In their experiment
fertilized eggs are injected with mouse
or rabbit globin messenger. Many of the
eggs develop normally, right up to the

swimming-tadpole stage. If radioactive
amino acids are supplied at any stage of
development, one can detect the synthe-
sis of globin chains. Moreover, the
response is species-specific: tadpoles
raised from eggs injected with mouse
messenger make mouse globin and tad-
poles raised from eggs containing rabbit
messenger make rabbit chains. At least
some of the injected messengers must
be stable and functional in developing
cells.

How are globin messengers segregat-
ed, or apportioned as the cells divide, in
the growing embryo? This question was
answered by dissecting tissues out of a
tadpole that was raised from an RNA-
injected fertilized egg and then culturing
the tissue fragments in a medium con-
taining radioactive amino acids. Wood-
land, Gurdon and Lingrel found that
several different tissues and regions of
the tadpole made globin chains at simi-

lar rates. That is to say, the messenger
injected into the frog egg seems to be
divided roughly equally during the
course of development, a finding that is
not easily accommodated by theories of
cell differentiation that rely on the un-
equal distribution of an original stock-
pile of egg RNA's.

More important, even muscle tissue
isolated from tadpoles that were raised
from eggs injected with messenger RNA
from rabbit or mouse cells respectively
made rabbit or mouse globin chains.
More than 85 percent of the cells in
these bits of tissue were either special-
ized muscle, nerve or backbone cells,
and yet their rate of globin synthesis was
comparable to that of less specialized
regions of the tadpole. One might argue
(but not without invoking complex se-
lection mechanisms) that in the egg or
during the formation of the embryo the
globin RNA’s had picked up specific
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ABILITY OF OOCYTE to translate the information encoded in a
foreign RNA was established by repeating the experiment with
RNA'’s from three different species and by breaking down the hemo-
globin into globin chains, which can be identified by species. After in-
jection with either duck, rabbit or mouse messenger RNA and incu-
bation with radioactive amino acid, the odcytes were mixed with the
appropriate hemoglobin and an extract was made and passed down a
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Sephadex column. The partially purified hemoglobin thus obtained
was subjected to ion-exchange chromatography. Radioactivity (col-
or) and optical-density (black) curves showed that injected odcytes
produced globin chains that chromatographed with the appropriate
marker chains; when no foreign RNA had been injected, there was
no synthesis of globin chains (chart at bottom right). Note that ducks
have two kinds of alpha chain, certain rabbits two kinds of beta chain.




factors that allowed them to be translat-
ed in the muscle cell. The simplest ex-
planation, however, is that normal mus-
cle cells are able to translate globin mes-
senger if the globin RNA is available. It
therefore seems likely that even special-
ized cells can translate any messenger.
Taken in combination with the odcyte
and egg data, this result suggests that
any cell can be programmed by any
messenger.

he qualitative selection of genetic in-

formation thus seems to involve
controlling the supply of available mes-
senger-RNA species rather than select-
ing, at the translation level, among a
population of freely available messen-
gers. The possibility should not be dis-
missed, however, that the efficiency of
RNA translation can be varied to pro-
vide quantitative control.

The odcyte and egg are excellent sys-
tems for investigating control at the lev-
el of translation and for assaying either
minute quantities of messenger or, more
important, putative translational con-
trol elements. When small amounts (less
than five nanograms) of globin messen-
ger are injected into odcytes, there is an
approximately linear response, as mea-
sured by the incorporation of a radioac-
tive amino acid, histidine, into hemoglo-
bin: the more RNA, the more radioac-
tive hemoglobin. This means that the
odcyte can be used as an assay system. It
also implies that the supply of messen-
ger is one of the factors limiting the rate
of synthesis of a particular product.
Nevertheless, the overall rate of protein
synthesis in the odcyte cannot be severe-
ly limited by the supply of messenger.
Injected messengers seem to compete
with the cell’'s own messengers: the in-
jection of messengers that were purified
from the odcyte back into the odcyte
raises the overall rate of protein synthe-
sis by less than 20 percent.

The sensitivity of the obcyte system is
quite remarkable. One can calculate
that each injected beta-globin messen-
ger is translated about once every two or
three minutes at 19 degrees Celsius, or
almost as fast as it would be translated
in a red blood cell at the same tempera-
ture. Synthesis proceeds at about that
rate as long as the odcytes stay alive in
culture. (Some odcytes injected with
globin messenger have lived for more
than two weeks, and one might predict
survival times of months when better
conditions for long-term o6cyte culture
are defined.) The efficient synthesis in
odcytes, over a long period of time, of a
stable, highly radioactive product in ef-
fect enormously magnifies the activity
of the injected material and hence en-
ables one to assay minute quantities of
messenger—less than a trillionth of a
gram of beta-globin messenger RNA. If,
on the other hand, extreme sensitivity is
not required, it can be more conve-
nient to assay messenger RNA in a cell-
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HONEYBEE VENOM is synthesized by frog cells. Venom glands were removed from honey-
bees and a messenger-RNA fraction was isolated. The messenger was injected into frog 06-
cytes, which synthesized promelittin, the precursor of the venom component melittin. The
amino acid sequence of the odcyte-synthesized promelittin (right) was compared with the se-
quence of the honeybee protein itself, removed directly from the venom gland (left). To the ex-

tent that it was determined, the sequence of the odcyte promelittin was the same as the honey-
bee version. Secondary modifications such as addition of NH; were not carried out in odcyte.
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SPECIALIZED CELLS can also translate foreign messenger. At the
Laboratory of Molecular Biology in Cambridge, Hugh R. Woodland,
John B. Gurdon and Jerry B. Lingrel raised tadpoles from normally
fertilized eggs into which messenger RNA for mouse or rabbit globin
had been injected. Muscle tissue was dissected from tadpoles and in-
cubated with a radioactive amino acid; mouse hemogiobin was add-

68

MUSCLE TISSUE — 7 =i

Tien INCUBATE WITH RADIOACTIVE
i AMINO ACID

RADIOACTIVITY —>

FEMALE

9S GLOBIN
MESSENGER RNA

i’

ADD MARKER HEMOGLOBIN

}

CHROMATOGRAPH
RABBIT RNA, MOUSE MARKER RABBIT
BETA,
AND ALPHA
FROG
PROTEINS

\

OPTICAL DENSITY —>

o

FRACTION NUMBER —>

ed as a marker. Ion-exchange chromatography shows that chains
synthesized in the tissue correspond to the species of the injected mes-
senger: chains made under the direction of mouse RNA form radio-
active peaks that coincide with mouse marker peaks (leff); chains
programmed by rabbit messenger yield peaks characteristic of rabbit
globin and hence not coincident with the mouse marker peaks (right).
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free system, where the confusing back-
ground of frog-protein products is not
present. For assaying putative transla-
tional control elements, however, the
odcyte is best because what happens in it
is likely to be relevant to what happens
in normal living cells. For such purposes
one can mix possible regulatory mole-
cules with a messenger RNA and inject
the combination or else inject the mes-
senger and, once it is established, intro-
duce the regulator.

The approach is illustrated by an ex-
periment to determine the role of
heme in controlling the translation of
globin messenger. Crude globin messen-
ger contains just a little more alpha mes-
senger RNA than beta messenger RNA
and programs the synthesis of roughly
equal amounts of the two chains in a
cell-free system. In contrast, odcytes in-
jected with mouse or rabbit messenger
make at least five times as much beta
globin as alpha globin. If heme is mixed
with the messenger or is injected after
the messenger is established, the transla-
tion of alpha messenger is enhanced so
that the alpha/beta ratio approaches
unity. This effect does not necessarily
imply that there are elements of the
translation system that interact with
only one messenger. Rather, the heme
probably increases the supply of factors
that initiate polypeptide synthesis and
thus preferentially affects the alpha
messenger, which has a lower affinity
for these initiation factors than the beta
messenger.

The fertilized egg is also a good medi-
um for studying translational control el-
ements. Components injected into a fer-
tilized egg end up in the rapidly dividing
and differentiating—and hence biologi-
cally interesting—cells of the growing
embryo. In one experiment of this kind
the injected messenger served as a probe
for the appearance of particular factors
during the course of early development.
We introduced mouse or rabbit globin
messenger and measured the alpha/beta
ratio at various developmental stages.
Mouse messenger yields the characteris-
tic excess of beta chains. So does rabbit
messenger, in the egg and during the ini-
tial cleavage stages, but just before the
stage called gastrulation the synthesis of
alpha chains increases, and it remains at
an elevated level at least until the swim-
ming-tadpole stage [see illustration on
page 71]. Some factor, similar to heme
in effect, that specifically stimulates the
translation of rabbit alpha-chain mes-
senger appears to be formed at a partic-
ular developmental stage.

Whole-cell assay systems present an
excellent opportunity for studying mes-
senger stability. The lifetime of a mes-
senger in a cell-free system sheds little
light on what its life expectancy would
be in a normal living cell; yet to study a
cell in which the messenger is being syn-
thesized is difficult, since at any given
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FUNCTIONAL STABILITY in odcytes of globin messenger molecules with poly-A tails of
different lengths was tested by a Belgian-Israeli group. By treating globin messenger RNA
with the enzyme polynucleotide phosphorylase for varying periods they produced messenger
species with tails of different lengths; the species were purified by chromatography and then
injected into oocytes. After 44 hours of incubation a radioactive amino acid was added and the
rate of hemoglobin synthesis was compared with the rate in odcytes programmed with native,
or unshortened, globin messenger. Some 30 adenylic acids are required to stabilize messenger.

time the messenger population reflects a
balance between synthesis and decay.
By injecting a known messenger into an
egg or an odcyte one can study the decay
process alone. Messenger stability is rel-
evant to the control of gene expression
because instability could be a means of
changing the population of proteins as
cells differentiate. In this regard results
obtained with fertilized eggs are likely
to be of particular interest, since here
one can look at messenger stability in a
developing embryo. So far only rabbit
and mouse globin messengers have been
tested in this way, and they both appear
to be stable at least until the swimming-
tadpole stage, after more than 20 cell
divisions. Rabbit globin is also stable in
the oocyte, and injected odcytes will
synthesize globin for several weeks.
Two frog-liver messengers, those coding
for albumin and for the enormous vitel-
logenin molecule, are also stable, show-

ing that stability is not an artifact arising
from the introduction of foreign mes-
senger. (All the messengers so far tested
code for differentiated products and are
stable in their normal cellular milieu;
messengers with a short half-life have
not been injected into eggs or odcytes,
and it is possible that they would retain
the characteristics expressed in the cell
type from which they were derived.)

Perhaps the most elegant exploitation
of the odcyte system for investigat-
ing messenger-RNA stability has been
the work of a group of investigators
from the Free University of Brussels (G.
Huez, Marbaix, E. Hubert and M. Le-
clercq) and the Weizmann Institute of
Science in Israel (Uri Nudel, Hermona
Soreq. R. Salomon, B. Lebleu, Michel
Revel and Uriel Z. Littauer), who stud-
ied the part played by the “poly-A tail”
of the messenger RNA in determining
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With MOSTEK single chip technology, the new Corvus
500 is the first non-Hewlett-Packard calculator with Re-
verse Polish Notation, 10 addressable memories, 4
level roll down stack to be introduced. If you compare
the Corvus 500 feature by feature with the HP-45, you
will find striking similarities. There are also some impor-
tant differences:

Corvus

500 HP-45
RPN (Reverse Polish Notation) Yes Yes
Memory Store and Recall 10 Registers ~ Yes ~ Yes
4 Level Stack, Rotate Stack Yes Yes
10 MEMORY EXCHANGE WITH X Yes No
Log, LN Yes Yes
Trig (Sine, Cosine, Tangent, INV) Yes Yes
HYPERBOLIC (SINH, COSINH,

TANH, INV) Yes No
HYPERBOLIC RECTANGULAR Yes No
vhe, 105 V%, 1/x, X, X=y,

w,CHS Yes Yes
V/ y through INVERSE Yes No
GRADIANS No Yes
DEGREE-RADIAN CONVERSION Yes No
Degree-Radian Mode Selection Yes Yes
DEC-DEG-MIN-SEC No Yes
Polar to Rectangular Conversion Yes Yes
Recall Last x Yes Yes
Scientific Notation, Fixed and Floating ~ Yes  Yes
Fixed Decimal Point Option (0-9) Yes Yes
DIGIT ACCURACY 12 10
DISPLAY OF DIGITS 12. =10
%, A % Yes Yes
GROSS PROFIT MARGIN % Yes No
Mean and Standard Deviation Yes Yes
S, 2= Yes Yes
Product—Memories Yes Yes
C.F. DIRECT CONVERSION Yes No
F.C. DIRECT CONVERSION Yes No
LIT-GAL, DIRECT CONVERSION Yes No
KIL-LBS, DIRECT CONVERSION Yes No
GAL-LIT, DIRECT CONVERSION Yes No
LBS-KIL, DIRECT CONVERSION Yes No
CM-INCH DIRECT CONVERSION Yes No
INCH-CM DIRECT CONVERSION Yes No

As you can see, the Corvus 500 IS a lot more
calculator for $69.95.

Number

convus 500

TK Enterprises
Reporting to Consumers
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We have listed some of the many features,
but let’s amplify on some highlights:

1. RPN (Reverse Polish Notation) “COMPUTER
LOGIC” and 4 LEVEL STACK. Your problem is
solved the way it is written, left to right sequence, elimi-
nating restructuring, unnecessary keystrokes, and the
handicap of having to write down intermediate solu-
tions. And all information is at your disposal—ijust roll
the stack (R!) to any intermediate information desired.
You arrive at your solution faster, more simply and
therefore more accurately.

Perhaps at this point we should address ourselves to the
controversy between algebraic entry and RPN. One
question we must ask is why proponents of algebraic
entry always use an example of sum of products and
never an example of product of sums:
(2+3) x (4+5)=
Algebraic: 2+3=MS 5+4=xMR=

TOTAL 12 keystrokes (SR51, add 2 more

keystrokes)
RPN: 2 Enter 3+4 Enter 5+X

TOTAL 9 keystrokes

2. THE CORVUS 500 and HP-45 HAVE 10 AD-
DRESSABLE MEMORY REGISTERS, 4 LEVEL
OPERATIONAL STACK, and a “LAST X” REG-
ISTER (10th Mem. Reg.) With 10 addressable
memories, you have access to more entries, or inter-
mediate solutions; less remembering, or writing down,
YOU have to do. And less chanc? for error.

The stack design also permits X and Y register ex-
change, and roll-down to any entry to the display for
review or other operation.

The “last x”’ register permits error correction or multiple
operations when a function is performed, the last input
argument of the calculation is automatically stored in
the “last X’ register, which can be quickly recalled to
correct an error, or to perform another operation using
the same number.

3. DIRECT HYPERBOLIC and HYPERBOLIC
RECTANGULAR to POLAR, and INVERSE. For
those of you electronic and computer science engineers
who require access to this specialized application, the
Corvus 500 solves “‘your” problems.
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Iy R

0 awndale, Ca. 9026

Qntarprises 315370579

(800) 421-0367

Yes . . . I'd like to try the Corvus 500 for 7 days.
Please ship me the Corvus 500 Advanced Scientific Cal-
culator, complete with accessories, at $69.95, plus $2.50 for
shipping and insurance. [ understand that if I'm not completely
satisfied, I may return the unit and accessories within 7 days
for full refund (or, at my option, receive full credit toward the
purchase of any other calculator carried by TK. Enterprises).
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l DISPLAY AND ACCURACY. Finally you have dis-

played 12 digit accuracy in business format and 10 +

I 12 in scientific notation. LED is manufactured by
Hewlett-Packard.

| To order your Corvus 500 Scientific Calculator,

FOR THE FIRST TIME youi can raise the number 10
to 199th power or calculate Factorial (x!) of up to 120.
Unbelievable!

5. The CORVUS 500 CONVERTS METRIC/U.S.
and INVERSE UNITS DIRECTLY. These prepro-
grammed functions act not just as constants, eliminat-
ing unnecessary keystrokes.

WHAT ABOUT CONSTRUCTION? With so many
features, the next most obvious question must be in
regard to the quality of the unit itself. We are proud to
report the Corvus 500 to be double injected molded,
with “tactile” feedback keyboard. The compact, con-
toured case is 5%" long by 3” wide by 1%"” high, and
weighs just 8 oz.

The COMPLETE CORVUS 500 for $69.95 in-

cludes:

® Rechargeable and replaceable Nickel Cad-
mium batteries. Optional 3 AA batteries.

® Adaptor/Charger

® Owner’s handbook

® Soft carrying case

The Corvus 500 is warranted by the manufacturer

against defects in materials and workmanship for one

year from date of delivery.

For those of you who have the HP-21 or 45 or any
other advanced calculator on order, aren’t you glad
you still have the opportunity to take advantage of the
release of the Corvus 500 for $69.95? Hurry! Order
yours today.

AN INVITATION: TK Enterprises is proud that we
are able to introduce the MOSTEK chip Corvus-500
to you, our discerning readers. (Incidentally, we
have received orders for Corvus 500 from almost
every major company in the USA, in every state in
the Union (including HP & TI people). Many are
already taking advantage of this incomparable price
performance ratio instrument. We invite you to ex-
perience the new Corvus 500 by mailing in the
coupon today, or call our order desk (800) 421-
0367; in CA. (213) 370-5795. From the tre-

d initial resp pl allow 3 days for
delivery. We are sure you will agree that the COR-
VUS 500 is the calculator of the year, and the one
you have been waiting for. However, you may re-
turn the remarkable Corvus 500 within 7 days with-
out obligation, for any reason whatsoever. So,
please mail or phone today . .. before the news of
Corvus 500’s demand exceeds supply!

phone: (800) 421-0367; (213) 370-5795 or mail coupon today!
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the life expectancy of the whole mole-
cule. One of the most distinctive fea-
tures of most kinds of messenger RNA
is the presence at one end of the mole-
cule of a long string of a single kind of
nucleotide, adenylic acid. Yet the func-
tion of these rather striking poly-A tails
remained a mystery, not least because it
was known that messengers lacking tails
could be translated normally in certain
cell-free systems. The Belgian-Israeli
group injected into odcytes rabbit glo-
bin messenger RNA with and without
poly-A tails. They found that messen-
gers without tails are translated well
enough at first but do not function effi-
ciently for very long: after 48 hours the
RNA with poly-A was making about 25
times as much globin as the tailless
RNA. The poly-A is thus implicated in
preserving the functional stability of
messenger RNA. The tailless messen-
gers are actually destroyed by the 06-
cyte; they can hardly be detected physi-
cally 48 hours after injection. Since the
tails were removed by stepwise degrada-
tion with the enzyme polynucleotide
phosphorylase, one might argue that the
enzyme also affected some other part
of the globin messenger, for example

the region adjacent to the tail. The in-
vestigators went on, however, to re-
store poly-A tails to the RNA with the
enzyme adenyl transferase, and they
found that stability was restored. In oth-
er words, it really is the presence of the
tail that confers stability on the messen-
ger molecule.

When polynucleotide phosphorylase
is used to shorten the tail rather than to
remove it completely, a critical tail
length of about 30 adenylic acid units
turns out to be required before a mes-
senger molecule is stabilized [see illus-
tration on page 69]. One can speculate
that in cells that, unlike the odcyte, re-
quire a rapidly changing population of
messengers the life expectancy of a
“stabilized” molecule may depend on
how much longer the tail is than the crit-
ical length, given that many such cells
contain enzymes that shorten poly-A
tails. Although many of the above re-
sults could be peculiar to the odcyte sys-
tem, careful reexamination of data from
cell-free systems has confirmed the
tendency of messenger without poly-A
to be less stable. With their combination
of sophisticated chemistry and simple
microinjection experiments the Belgian-

Israeli group may well have solved the
mystery of the poly-A tail.
Experiments in the microinjection of
RNA demonstrate the advantages of
combining the unrelated disciplines of
biochemical analysis and micromanip-
ulation. The approach is not limited to
amphibian eggs and oocytes. The egg of
the fruit fly Drosophila is several hun-
dred times smaller than the Xenopus 06-
cyte and the mouse egg is several thou-
sand times smaller, yet both of these
small eggs can be microinjected. Ordi-
nary cells growing in culture have also
been injected. and the technique is not
limited to the injection of RNA. Gur-
don, Alan Colman, Christopher Ford
and Woodland have already injected
eggs and odcytes with eukaryotic and
viral DNA and with histones, antibod-
ies and other proteins. Some synthetic
and naturally occurring DNA's are tran-
scribed. and the DNA replicates in
the egg cytoplasm. Introducing specific
genes into living frog cells could im-
prove our understanding of develop-
ment. The raw materials for such exper-
iments might be provided by recently
developed techniques for cloning re-
combinant DNA molecules.
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CONTROL OF TRANSLATION at various developmental stages
is studied by injecting mouse or rabbit globin messenger into fertilized
eggs and analyzing the globin synthesized by the embryos for its con-
tent of alpha and beta chains. Eggs injected with mouse RNA produce
about a fivefold excess of beta chains (gray curve), that is, the alpha/

beta ratio is about 20 percent (as it is also in injected odcytes). In eggs
programmed with rabbit globin messenger the alpha/beta ratio is
about the same at first (black curve), but production of alpha chains
increases suddenly just before gastrulation; some factor that stimu-
lates alpha-chain synthesis is formed at that stage of development.
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