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ABSTRACT Cloned 3.18 kilobase fragments of Xenopus
laevis DNA containing genes for tRNAi~t and for at least one
other 4S RNA species are transcribed rapidly after their injec-
tion into the nucleus of X. laevis oocytes. The newly synthesized
RNA can be resolved by gel electrophoresis into a few pre-
dominant 4S RNA species and a series of slower migrating
components. One of the 4S RNA species appears to be identical,
by fingerprint analysis, to the tRNAI isolated by hybridization
of somatic cell RNA to this cloned tRNA gene fragment (tDNA).
Thus, the tRNAMe' produced after injection can be both fully
processed and modified. Its rate of synthesis is estimated to be
about 6 X 109 molecules/hr in each-oocyte injected with 2 ng
of tDNA. When the tDNA fragment is cleaved into two halves
with the restriction endonuclease Sst I, each injected half gives
rise to a subset of the RNAs produced after injection of the intact
fragment. This experiment thus suggests the presence of at least
two transcriptional units on this cloned tDNA. This simple way
of biologically testing defined restriction fragments may be of
value for analyzing the functional organization of other cloned
eukaryotic DNA units.

Although certain eukaryotic genes have been available in highly
enriched form for some time, such as those coding for Xenopus
ribosomal RNA (1), 5S RNA (2), and tRNAMet (3) and for sea
urchin histone mRNAs (4), it is with the development of tech-
niques for site-specific cleavage and molecular cloning of DNA
(reviewed in ref. 5) and for rapid DNA sequencing (6, 7) that
huge strides have been made in the analysis of these repetitive
genes. These structural studies have revealed some interesting
sequence homologies which may be interpreted in a tentative
way on the basis of their locations relative to structural genes
or to the presumptive sites of initiation and termination of
transcription or translation (8). It has become evident, however,
that a sequence alone is not enough. To make even just a start
toward understanding the strategy behind the organization of
eukaryotic gene units requires a biological test of their function.
In some cases this can be provided by the techniques of classical
genetics. An alternative "surrogate genetics" (8) approach is
to study the expression of cloned DNA fragments, both in un-
modified form and after suitable sequence alteration, trans-
ported into a living cell by a viral vector or by mechanical in-
jection (9).
A promising system for such an approach is the Xenopus

oocyte which is capable of transcribing injected eukaryotic and
prokaryotic DNA (9-12); A difficulty with this system, how-
ever, is that the DNA must be injected into the oocyte nucleus
for it to be transcribed (1-1). Because the oocyte is opaque and
the nucleus is hidden from view, this is not technically
straightforward. The problem can be obviated by a brief cen-
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trifugation of the oocytes onto a nylon grid prior to injection
(9).
Here we first discuss a few quantitative aspects of tran-

scription by oocytes injected in this manner. Second, we report
on the quality of the RNA produced after injection of a cloned
fragment of X. laevis DNA known to contain genes for tRNAMet
and for at least one other 4S RNA species. Third, we present
evidence to suggest the existence of at least two transcriptional
units in this cloned tDNA fragment.

MATERIALS AND METHODS
DNA. Fragments of X. Ievis 3.18-kilobase (kb) tDNA from

clone Xt210 were recovered from the recombinant phage DNA
by HindIII digestion, preparative agarose gel electrophoresis,
and DEAE-cellulose chromatography.t The same methods
were used to recover the 1.76- and 1.42-kb fragments from Sst
I digests of the purified tDNA.
Ooctye Isolation and Centrifugation. Ovarian lobes were

removed fully from X. laevis females anesthetized with MS-222
(Sandoz). Individual stage V and VI oocytes (13) were stripped
free with a platinum loop and were transferred to 5-cm-di-
ameter plastic petri dishes containing 6-8 ml of modified
Barth's solution (14). A nylon net (0.8-mm mesh) had been fixed
previously to the bottom of each dish with chloroform and
sterilized with 0.1% diethylpyrocarbonate and UV irradiation.
The oocytes were oriented with their animal (brown) pole up-
ward. The petri dishes and contents were placed with a mini-
mum of shaking onto the flat bottom of swing-out buckets of
an MSE Cool-Spin 6 X 1 liter rotor and centrifuged at 1000 X
g for 10 min at 180. During centrifugation, the oocytes are
squeezed into the mesh of the nylon net and the pigment
granules are displaced to form a dark brown ring. As ascertained
by serial sectioning, the nucleus is located just below this pig-
ment ring. The oocytes, 50-150 at a time, were routinely in-
jected within 30 min of centrifugation but they maintained
their typical pigment ring pattern for at least an additional 1
hr. Centrifugation at 450 X g may be better for the long-term
survival of the oocytes, although the location of the nucleus is
less obvious (15).
Oocyte Injection. DNA for injection was ethanol-precipi-

tated, washed twice with 80% ethanol, dried under reduced
pressure, and redissolved in 88 mM NaCl/10mM Tris-HCl, pH
7.5. Radioactive GTP (New England Nuclear or the Radio-
chemical Centre, Amersham) was lyophylized and dissolved
directly in the DNA solution. The final injection solution con-
tained in 10,.l: 1-2 ,gg of DNA and 50,uCi of [3H]GTP (10
Ci/mmol) or [a-32P]GTP (100-200 Ci/mmol). This was taken

Abbreviation: kb, kilobase.
t S. G. Clarkson, V. Kurer, and H. 0. Smith, unpublished.
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FIG. 1. Gel electrophoresis (3.5% polyacrylamide/0.5% agarose).
Lanes: a, 5S and 4S RNA from X. laevis tissue culture kidney cells
labeled for 3 days with [32P]orthophosphoric acid; b, total RNA from
X. laevis oocytes incubated for 5 hr after injection of [a-32P]GTP; c,
total RNA from oocytes incubated for 5 hr after simultaneous injec-
tion of [a-32P]GTP and 3.18-kb tDNA fragments from clone Xt210.
Unlabeled arrows indicate the migration positions of RNAs found
after tDNA injection and having apparent lengths of 200-250 nu-
cleotides.

up in a glass injection needle with a tip diameter of 20-30 Jtm.
The needle was fixed to a micromanipulator via a needle holder
and was connected, by plastic tubing filled with paraffin oil,
to a 5-pil syringe (Hamilton 85NE). The syringe was driven by
a foot-operated motor via a micrometer drive to give a flow rate
of 0.2 ,l/min. A constant injection volume was maintained by
keeping the needle in each oocyte for a fixed time during
continuous liquid flow. Injections were done by first moving
the petri dish to bring an oocyte close to the needle. The mi-
cromanipulator was then adjusted so that the needle pierced
the oocyte in the center of the pigment ring, with the needle
tip just below the surface. Approximately 20 nl containing 2-4
ng of DNA and 0.1-0.2 ,tCi of labeled GTP was injected into
each oocyte. Oocytes surviving this treatment (generally about
90%) were detached from the nylon net by gently blowing
medium over them with a pasteur pipette. They were then
transferred into fresh modified Barth's medium and incubated
at 180 for 4-7 hr. Injections of the purified tDNA fragment, or

its subfragments, were carried out under P2 containment
conditions.
RNA Extraction and Analysis. At the end of the labeling

period the oocytes were washed twice in modified Barth's so-

Jution and then were transferred to 10 mM Tris-HCl, pH

7.5/L.5 mM MgCl2/10 mM NaCl containing proteinase K at
1 mg/ml. Approximately 50 oocytes were resuspended per ml
of this medium. Sodium dodecyl sulfate was added to 2% and
the mixture was intermittently vortexed during 15 min at room
temperature. NaCl was added to 0.3 M and the turbid brown
solution was extracted three times with phenol/CHCl3, 1:1
(vol/vol), and three times with CHC13 alone. RNA was recov-
ered by ethanol precipitation, washed twice with 80% ethanol,
and dissolved at about 1 mg/ml in 0.2% sodium dodecyl sulfate.
Incorporated radioactivity was assayed by trichloroacetic acid
precipitation in the presence of 1% sodium pyrophosphate
(16).

Total oocyte RNA was fractionated on composite slab gels
(0.2 X 25 X 25 cm) of 3.5% polyacrylamide/0.5% agarose in 90
mM Tris-borate, pH 8.3/2.5 mM EDTA (17). Electrophoresis
was at 8 V/cm for 3 hr at room temperature. For more detailed
analysis of low molecular weight RNA, the total RNA was first
centrifuged through 5-20% sucrose gradients in 10 mM Tris-
HC1, pH 7.5/0.1 M NaCI/0.5% sodium dodecyl sulfate in a
Beckman SW 40 rotor at 38,000 rpm for 5 hr at 23°. RNA in the
3S-10S region of the gradients was ethanol precipitated and
fractionated by two-dimensional polyacrylamide gel electro-
phoresis in the above Tris-borate/EDTA buffer at 4° (18).
Electrophoresis in the first dimension (10% gel) was at 10 V/cm
for 10 hr and in the second (20% gel) it was at 12 V/cm for 30
hr.

Total RNA from X. laevis tissue culture kidney cells labeled
for 3 days with [32P]orthophosphoric acid was hybridized under
RNA excess conditions with the 3.18-kb tDNA fragments of
clone Xt210.f The hybridized RNA was eluted and directly
analyzed on two-dimensional gels.
RNA recovered from gels was digested with RNase T1 and

the oligonucleotides were fingerprinted (19) by ionophoresis
on cellulose acetate strips at pH 3.5 followed by homochro-
matography on DEAE-cellulose plates with homomix VI of Jay
et al. (20). The oligonucleotides were eluted and digested with
RNase A, and the products were analyzed by one-dimensional
ionophoresis on DEAE-81 paper in pyridine acetate at pH 3.5
(19).

RESULTS
Quantitative Aspects ofGTP Incorporation by Centrifuged

Oocytes. Centrifuged stage V and VI oocytes of X. laevis in-
corporated radioactive GTP into RNA rapidly within 1 hr of
injection and then at a slower rate for at least the next 3 hr. After
this time, 2-3% of the injected label was found in RNA. The
kinetics of incorporation were similarly biphasic for uncentri-
fuged oocytes, as has been reported (21). The same level of in-
corporation occurred irrespective of whether the GTP was in-
jected into the nucleus or cytoplasm. From this we infer that
the injected GTP equilibrates rapidly with the GTP pool which,
for these stage oocytes, is at least 150 pmol (22, 23). Our stan-
dard injection of 0.1 ,uCi/oocyte has a negligible effect on the
size of this pool and thus gives it a specific activity of about 0.67
Ci/mmol. Under these conditions, centrifuged oocytes incor-
porated an average of 2.3 X 103 dpm of labeled GTP within 1
hr. This represents an incorporation rate of 1.55 pmol of GTP
per oocyte per hr which is 70% of the initial rate of RNA syn-
thesis in uncentrifuged stage VI oocytes (21). Hence, the syn-
thetic capacity of oocytes was little impaired by centrifugation
prior to injection. Moreover, centrifuged oocytes have recently
been shown to be active in coupled transcription-translation
experiments (15).

Transcription of tDNA in Injected Oocytes. After the first
few hours of incubation, most of the GTP incorporated by
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FIG. 2. Two-dimensional polyacrylamide-gel electrophoresis. (a) The RNA recovered after hybridization of 3.18-kb tDNA fragments from
clone Xt21O with total RNA from X. laevis tissue culture kidney cells labeled for 3 days with [32P]orthophosphoric acid; (b, c, and d) RNA from
X. laevis oocytes incubated for 4 hr after simultaneous injection of [a-32P]GTP and DNA. The total oocyte RNA was first fractionated by sucrose
gradient centrifugation; the RNA in the 3S-1OS region was applied to the first-dimension gel. The injected DNA was the intact 3.18-kb tDNA
fragment in b, the left arm 1.76-kb fragment in c, and the right arm 1.42-kb fragment of the cloned tDNA generated by Sst I digestion in d (see
Fig. 4). The unlabeled arrow in b indicates the 4S-5S RNA component that is not detected after separate injection of the two Sst I frag-
ments.

centrifuged oocytes was found in the 40S ribosomal RNA pre-
cursor and its processing products whereas endogenous synthesis
of 5S RNA and 4S RNA was hardly detectable (see lanes a and
b, Fig. 1). In contrast, a greatly enhanced synthesis of 4S RNA
occurred-after injection of cloned 3. 18-kb fragments of X. laevts
DNA known to contain genes for tRNAM1t and for at least one
other 4S RNA species (lane c, Fig. 1). The same extent of 4S
RNA synthesis occurred after injection of either 2 or 4 ng of
linear tDNA fragments per oocyte, which suggests that both
doses are saturating. The transcription- required the injection
of the tDNA into the oocyte nucleus, as has been observed with
other templates (9, 11, 12). In our hands, this was achieved in
about 509 of the injected oocytes. Synthesis and processing of
the-ribosomal RNA precursor were not impaired by the 4S RNA
synthesis, which can account for 30-70% of the incorporated
GTP in 4-7 hr of incubation. Additional' minor bands of ra-
dioactivity were found' in the 4S-5S and 5S RNA regions of
composite polyacrylamide/agarose gels and in some larger
RNA species which, from their mobilities in such gels, had
lengths of 200-250-nucleotides (lane c, Fig. 1).
The 4S RNA synthesized after injection of linear 3.18-kb

tDNA fragments could be resolved into'a limited number of
spots by two-dimensional- polyacrylamide gel electrophoresis
of the 3S-10S region of sucrose gradients (9). With more ex-
tensive electrophoresis in each dimension, four major and-two
minor spots were found in the4S region of the gels and at least
three minor spots in the 4S-5S region (Fig. 2b). Only two stable
RNA species from X. Ikevs tissue culture cells are capable of
hybridizing with this cloned tDNA.t These two species (a and
3 in Fig. 2a) are in-the 4S-range and they coelectrophorese-with
two of the major spots produced after tDNA injection (A and
C of Fig. 2b).
From its electrophoreticl mobility, we suspected that the

prehybridized spot (3 was tRNAmet. Therefore, (3 and C were
recovered from the gels-and digested with RNase T1, and the
en.iing oligonucleotides were fractionated by ionophoresis on
cellulose acetate followed by homochromatography on
DEAE-cellulose. Each oligonucleotide from spot (3 was then
further analyzed by RNase A digestion; similar analyses were
performed on the RNase T1 products of spot C but yielded
less-complete information because they had been labeled only
with [a-32P]GTP. The two fingerprints and their assigned se-

quences are compared in Fig. 3. The prehybridized RNA (3
contained all the oligonucleotides anticipated for X. laevis
tRNAimet from the sequence of Wegnez et al. (24). Spot C,
synthesized as a consequence of tDNA injection, had an iden-
tical fingerprint except for the absence of the 3'-terminal oh-
gonucleotide (CUACCAOH) which should not be labeled with
[a-32P]GTP (Fig. 3b). , and C are therefore identical, with the
possible exception of their 3' ends. Some molecules of spot C
may be slightly undermodified as suggested by the apparently
lower content of m7GDm5CG. Nevertheless, this oligonucleo-
tide is clearly present and we conclude, therefore, that oocytes
are capable of producing tRNAMet faithfully and in fully
modified form after injectionof the appropriate tDNA.
A further conclusion concerns the rate of synthesis of this

tRNA species. From the radioactivity recovered from spot C
for fingerprint analysis, we estimate that each successfully in-
jected oocyte incorporated about 3.5 X 102 dpm of labeled GTP
per hr into this RNA. At a specific activity of 0.67 Ci/mmol (see
above),-this corresponds to a rate of synthesis of about 6 X 109
tRNA'et molecules per hr.

Transcription of Subrepeat Fragments-of tDNA. The dis-
tribution of known genes within the 3.18-kb tDNA fragment
of clone Xt21O is shown in Fig. 4. It is based on restriction en-
zyme analysis coupled with RNA-DNA hybridizationt and on
sequence analysis of selected regions of the DNA (F. Muller and
S. G. Clarkson, unpublished data). TwoIRNA Met genes are
present on the same DNA strand-about 0.35 kb apart in the
left half of the repeat-and are transcribed in the direction
shown in Fig. 4. A further two 4S RNA genes (and perhaps
more) are located somewhere to the right of the single Sst I
cleavage site.
Two contrary modes of transcription of these genes can be

envisaged: (i) coordinate transcription in the form of a poly-
cistronic precursor, in which case Sst I digestion should prevent
transcription of those genes located downstream of the cleavage
site; and (ii3 independent transcription of each gene, in which
case Sst I digestion, if-it has any inhibitory effect at all, would
be expected to impair the transcription of only one gene. We
have attempted to distinguish between these possibilities by
studying the effects of separate injection of'the two fragments
of tDNA generated by Sst I digestion.

Each of these fragments was transcribed rapidly in the oocyte
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FIG. 3. Comparison of RNase T1 fingerprints. (a) The uniformly 32P-labeled spot ,3 (Fig. 2a) recovered from hybrids between 3.18-kb tDNA
fragments from clone Xt21O and total RNA from X. laevis tissue culture cells. (b) Spot C (Fig. 2b) synthesized by X. laevis oocytes after injection
of the 3.18-kb tDNA fragments and [a-32PJGTP. The oligonucleotide sequences were assigned by analyses of the mobilities of the RNase A
digestion products. Faint spots in the middle of b are contaminants from spot B (Fig. 2b). First dimension: ionophoresis on cellulose acetate
at pH 3.5. Second dimension: homochromatography on DEAE-cellulose.

nucleus although at a somewhat decreased rate compared to
that of the intact tDNA. When their low molecular weight
transcripts were analyzed by two-dimensional gel electropho-
resis, newly synthesized RNA components were found and were
unique to each Sst I fragment (Fig. 2 c and d). Moreover, these
components together accounted for all of the labeled spots
found after injection of the intact tDNA, with the exception of
one of the 4S-5S RNA components (marked with an arrow in
Fig. 2b). Only one 4S RNA component (spot B) is underre-
presented (cf. Fig. 2 b, c, and d). We conclude that 4S RNA
synthesis from either half of this tDNA fragment does not re-
quire the presence of the 4S RNA genes in the other half.
Hence, the low molecular weight RNA species synthesized in

Hindill
I

1.76 kb
Sst I

5- -3' 1
_ _

1.42 kb
Hind lI l

2 tRNA Met genes >2 Other 4S RNA genes
1

FIG. 4. Simplified restriction endonuclease map of the 3.18-kb
tDNA fragment from clone Xt210. The direction of transcription of
the two tRNAm et genes is indicated.t The polarity and exact locations
of the other 4S RNA genes of this fragment have not yet been deter-
mined.

oocytes after tDNA injection are unlikely to be derived from
a common polycistronic precursor.

DISCUSSION
This paper demonstrates that tRNAMt is faithfully produced
as a consequence of the injection of a cloned tDNA fragment
into the oocyte nucleus of X. laevts (Figs. 1, 2, and 3). Endo-
genous 4S RNA synthesis is barely detectable whereas in each
successfully injected oocyte up to 70% of the incorporated GTP
is found in 4S RNA species which are synthesized at a rate of
about 3 X 1010 molecules per hr. Of these, tRNAlMet identified
by fingerprinting (Fig. 3) comprises about 6 X 109 molecules.
This is 10% of the tRNAMet content of a mature oocyte (24).
Hence, injected oocytes are capable of producing, in a few
hours, as much tRNA'Iet as they synthesized over a period of
at least 100 days prior to injection. This extensive transcription
is not unusual, however, because one-quarter to one-half of all
newly synthesized RNA can be derived from other injected
templates, such as simian virus 40 (11).or sea urchin histone
DNA (9), although there is no evidence that all these molecules
represent bona fide mRNA.

In addition to tRNAMet, several other low molecular weight
RNA species are synthesized after injection of the cloned tDNA
fragment. One of these (A of Fig. 2b) has the same electro-
phoretic mobility as a 4S RNA (a of Fig. 2a) that can be re-
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covered after hybridization of long-term 32P-labeled total RNA
from X. laevis tissue culture kidney cells to the cloned tDNA.
Preliminary fingerprint analyses (data not shown) suggest that
these two components share some common oligonucleotides but
their interrelationship has not yet been fully clarified. The re-

maining RNA species found after tDNA injection are not re-

covered by prehybridization of the stable RNA from the tissue
culture cells (cf. Fig. 2 a and b), implying that they are syn-

thesized only transiently or not at all in these somatic cells. One
possible explanation for these additional 4S and 4S-5S RNAs,
and for the even slower migrating RNA species found after
injection (Fig. 1), is that they are tRNA precursors in various
stages of maturation. The interesting possibility also exists that
some of them may represent transcripts of oocyte-specific genes

that are revealed by injection of the cloned tDNA.
To try to understand the functional significance of the se-

quences within this cloned tDNA fragment, we have attempted
to alter it in vitro and then to test the biological effects of the
alteration by analysis of the transcripts made after injection.
In the first such "surrogate genetic" experiment, wesimply
cleaved the DNA into two parts and asked whether the tRNA'et
and other 4S RNA genes are cotranscribed. The results suggest
that this is not the case and that there are, instead, at least two
transcriptional units on this cloned tDNA fragment (Fig. 2). The
synthesis of only one 4S RNA component is decreased by Sst
I digestion (B of Fig. 2 b and d) and is apparently accompanied
by the loss of one 4S-SS RNA component. Most simply, this
suggests that these two components are interrelated and that
the cleavage site is in or near a sequence important for their
transcription.
An obvious extension of these experiments is to analyze the

transcripts of other restriction fragments injected into the
Xenopus oocyte nucleus. This should not only help to locate all
the 4S RNA genes on this cloned tDNA fragment but also in-
dicate whether each gene can be transcribed independently.
The value of this system for understanding gene expression,
however, will only be realized by the demonstration of faithful
transcription of the injected DNA rather than of post-tran-
scriptional processing of random transcripts. Some caution is
also required, therefore, for those experiments in which ex-

pression of the injected template is assayed only by hybridiza-
tion of the transcripts to the injected DNA or, in the case of
DNA transcribed by RNA polymerase II, by the ability of some
of the transcripts to be translated. In the case of injected tDNA,
we expect three essential steps leading to the appearance of
mature tRNA molecules: the synthesis of the tRNA precursor,
the removal of extra non-tRNA sequences from the precursor
by processing enzymes, and the modification of certain nu-

cleotides in the processed tRNA. The tRNAl et produced after
injection of the tDNA fragment from clone Xt21O can be both
fully processed and modified, but clearly more rigorous criteria
are required to prove that this tRNA is a product of faithful
transcription.
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