cytoplasmic tyrosine residues. Stimulation of
human umbilical vein endothelial cells with
VEGEF-VPF results in tyrosine phosphoryla-
tion of a protein with a molecular size of
approximately 200 kD (27) and mobilization
of calcium (26). However, we did not observe
a ligand-dependent increase in tyrosine phos-
phorylation of Flt in oocytes (22). The flt
protein expressed in Xenopus oocytes is consti-
tutively phosphorylated on tyrosine residues,

SO

it may be difficult to detect ligand-induced

phosphorylation.

High-affinity binding sites for VEGE-VPF

have a tissue distribution similar to that of fit
mRNA (15, 27). The fit transcript was detect-
ed in human umbilical vein endothelial cells
that respond to VEGE-VPF (28). However,

it

is not known whether Flt is the only

receptor for VEGE-VPF or whether it medi-
ates the change in endothelial cell growth and
vascular permeability induced by VEGE-
VPEF. Other endothelial cell mitogens, such as
FGF, do not affect endothelial cell permeabil-
ity or monocyte migration, suggesting that
there are unique signal transduction pathways
activated by VEGF-VPF.
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Vegetal Messenger RNA Localization Directed by a
340-nt RNA Sequence Element in Xenopus Oocytes

KiMBERLY L. MOwRrY AND DouGLAS A. MELTON

Contained within a single cell, the fertilized egg, is information that will ultimately
specify the entire organism. During early embryonic cleavages, cells acquire distinct
fates and their differences in developmental potential might be explained by localiza-
tion of informational molecules in the egg. The mechanisms by which Vgl RNA, a
maternal mRNA, is translocated to the vegetal pole of Xenopus oocytes may indicate
how developmental signals are localized. Data presented here show that a 340-
nucleotide localization signal present in the 3’ untranslated region of Vgl RNA is
sufficient to direct RNA localization to the vegetal pole.

HE BASIS FOR PATTERN FORMATION

in early development can be traced to

the localization of maternal factors in
eggs. Although there is evidence for the
existence of localized cytoplasmic determi-
nants in a number of systems (1), in no case
is the localization process understood. This
localized information can in principle be
stored as RNA or protein. In vertebrate eggs
one example of this phenomenon is Vgl

Department of Biochemistry and Molecular Biology,
Harvard University, Cambridge, MA 02138.

RNA, a maternal RNA found exclusively in
the vegetal hemisphere of Xenopus laevis
oocytes and eggs (2). Vgl RNA codes for a
protein that is homologous to the trans-
forming growth factor B (TGF-B) (3), but
its role in embryogenesis is not currently
understood. Vgl RNA is evenly distributed
in young oocytes but is translocated later,
during the vitellogenic phase of oogenesis,
to the vegetal hemisphere in mature oocytes
and unfertilized eggs (4). After fertilization,
Vgl RNA, and ultimately Vgl protein, are
inherited preferentially by the vegetal blas-
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tomeres (3, 5). The localization phenomenon
can be mimicked in culture; when immature
oocytes are cultured appropriately (6), endog-
enous Vgl RNA becomes vegetally localized,
as does injected Vgl RNA generated by in
vitro transcription of a nontranslatable Vgl
cDNA clone. The ability of synthetic Vgl
RNA to be localized after injection rules out
possible models for Vgl RNA localizaton
that involve transcription or translation of
Vgl itself and suggests that there are signals
contained within the Vgl RNA which medi-
ate localization.

To map a putative localization signal on
Vgl RNA, we first tested whether specific
portions of Vgl RNA are necessary for
vegetal localization, focusing initially on the
3’ untranslated region (UTR) of Vgl RNA
that comprises over half of the mRNA.

Immature oocytes were injected with syn-
thetic RNA transcripts, and localization was
monitored by ribonuclease (RNase) protec-
tion assays of RNA obtained from animal
(A) or vegetal (V) halves of the injected
oocytes. Immediately after injecting them (0
days), we harvested a small number of
oocytes to compare injected RNA levels
before and after culture as a control for
RNA degradation. Because the RNA was
injected without regard to any A-V position
(the A-V axis is not readily apparent in
young oocytes) these assays also showed
that the injected RNA was not consistently
deposited at the vegetal pole, but randomly
distributed. The remaining injected oocytes
were cultured for 5 days during which Vgl
RNA can translocate to the vegetal pole and
RNA not specifically localized will diffuse

Fig. 1. The 3' UTR of Vgl RNA is Vg1 cDNA  Vg1A3'UTR A
necessary and sufficient to direct ’ R ;

RNA localization. (A) An RNase o S Al bd

protection assay was used to test for AV AV AV ALV

sequences involved in localization.
Immature oocytes [stages III to IV
(15)] were injected with RNAs
transcribed in vitro by SP6 poly-
merase (16) from a 5’ foreshort-
ened 2.4-kb Vgl cDNA (3) which
had been linearized either at the 3’
end of the insert to generate full-
length transcripts (Vgl cDNA,
lanes 1 through 4) or at a Bst EII
site at the end of the coding se-
quence, yielding transcripts lacking
the 3’ UTR (VglA3'UTR, lanes 5
through 8). After culture for4to 5
days (6), oocytes were fixed (95%
ethanol, 5% acetic acid) and cut
into A and V halves. RNA was
extracted (17) from the A and V
halves either immediately after in-
jection (0 days, lanes 1, 2, 5, and 6)
or after culture to allow localization

-
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T
VgimRNA—{AS_ump

et L B —
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-

‘ w9 == # -Injected Vg1 RNA

- *'. - Endogenous Vg1 RNA

1 2 3 4

5 6 7 8

-3k 1

(5 days, lanes 3, 4, 7, and 8), and XBG XBG-VQ:TUTR B
RNase protection was performed — —
(16). RNA samples were probed 0d. 5d. 0d.  5d.

with a 5’ Vgl probe (spanning
nucleotides 1 to 399) which can
distinguish between the longer en-
dogenous mRNA, giving a protect-
ed fragment of ~400 nt (indicated
at the right as endogenous Vgl
RNA) and the 5' foreshortened
injected RNA which generated a
protected fragment of ~340 nt
(designated at the right as injected
Vgl RNA). To ensure that the
differences in distribution of Vgl
RNA after culture were not due to
unequal RNA recovery, RNA sam-
ples were also probed for histone
H4 RNA, which is uniformly dis-
tributed in oocytes (18). The RNA
fragments protected by the H4
probe are indicated at the right as

- «w@ = @ - -~ @ -injccted RNA

i

...‘ .". - Histone RNA
1 2

3 4 5 6 7 8

VOTmRNA 06— i e
X B globin —o8 oA -
XBCVGIUTR [ e

o probe RNA

histone RNA. (B) Immature oocytes, as above, were injected with RNAs transcribed from either a
construct containing the XBG (19) coding sequence (lanes 1 through 4) or a chimeric construct
(XBG-Vg3'UTR) in which the B-globin coding sequence had been fused to the Vgl 3’ UTR (lanes 5
through 8). As in (A), for RNase protection assays samples were probed with a 5’ B-globin probe
(spanning nucleotides 1 to 323) to detect the injected RNAs (20).

992

throughout the oocyte (6). RNA for injec-
tion was transcribed from either the entire
2.4-kb Vgl cDNA or the 1.1-kb coding
region alone (Fig. 1A). The full-length in-
jected Vgl RNA localized to the vegetal
hemisphere, as did the endogenous Vgl
mRNA. Notably, Vgl RNA molecules lack-
ing the 3" UTR (VglA3'UTR) were not
localized in culture, whereas the endoge-
nous Vgl mRNA in the same oocytes was
properly localized, suggesting that the 3’
UTR is necessary for localization.

To determine whether the Vgl 3’ UTR is
also sufficient to specify localization, we test-
ed the ability of Vgl RNA sequences to
direct the localization of Xenopus B-globin
(XBG) RNA, which is normally not present
in oocytes and does not itself localize (Fig.
1B). Chimeric constructs in which portions
of the Vgl cDNA were positioned down-
stream of the B-globin coding region were
used in vitro to generate RNA transcripts for
injection. While the injected XBG RNA was
not localized, the injected chimeric (XBG-
Vg3'UTR) RNA was localized almost exclu-
sively to the vegetal half, indicating that the
1.3-kb Vgl 3’ UTR can direct vegetal local-
ization when fused to B-globin sequences.

When smaller fragments from the 3’ UTR
were tested (Fig. 2), the smallest restriction
fragment found competent to direct vegetal
localization of XBG sequences was 366 nu-
cleotides (nt). In situ hybridization was used
to determine whether the chimeric RNA
containing a 366-nt sequence exhibited a
subcortical localization similar to that of
endogenous Vgl RNA. The injected XBG-
366 RNA localized to the vegetal pole in a
pattern strikingly similar to that of endoge-
nous Vgl RNA (Fig. 3).

To define a minimal RNA localization ele-
ment, we used the 366-bp fragment as a
substrate for nuclease deletions from both the
5’ and 3’ ends. Deletion constructs (Fig. 2)
were tested for localization with the use of in
vitro—transcribed RNA (Fig. 4A). As deter-
mined by the RNase protection assay (Fig.
4A) and in situ hybridizations (7), deletion of
26 nt from the 3’ end of the 366-nt element
did not impair its ability to confer localization
on B-globin sequences. Removal of an addi-
tional 36 nt at either the 3’ or 5’ end,
however, essentially eliminated localization.

To test whether only sequences at both
ends of the 340-nt element are important for
localization, we generated constructs lacking
sequences from the middle of the element
(Fig. 2). For construct XBG-340A+, the
middle of the element was replaced by an
equivalent length of XBG coding sequence,
which is inert for localization. Only constructs
containing the intact 340-nt element were ca-
pable of directing localization (Fig. 4B).

Comparison of the 340-nt sequence with
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sequences of other RNAs known to be
localized during oogenesis, namely Anl,
An2, and An3 from Xenopus (2), as well as
the Drosophila maternal transcripts bicoid,
nanos, and oskar (8, 9), revealed no signifi-
cant homologies. Both Vgl RNA and bicoid
RNA contain sequences specifying localiza-

tion in their 3’ UTRs; the bicoid localization
domain maps to a 625-nt segment in the 3’
UTR (10). However, Vgl and bicoid RNA
localization are not likely to be the same pro-
cess. Vgl RNA is initially distributed uniform-
ly throughout the oocyte cytoplasm and is later
translocated to the vegetal pole (4). In contrast,

Fig. 2. Constructs tested for

Construct Localization
RNA localization. Using  xga-vgauTR Vg1 SUTR +
standard cloning procedures  xpG-632 .
(21), we constructed chi- XBG-635 -
meric clones containing  X8G-718 +
B-globin and Vgl sequences  X8G-186 — -
by fusing portions of the XB8G-419 — .
Vgl 3’ UIR (whose rela- XBG-366 — +
tive positions in the se- XBG3105 _— -
quence are shown) to the X8G-330% — ==/
Bst Ell site at the end of the  XBG-340% I +
B-globin coding sequence. X6G-304 - =~l)

XBG-251/3' — -
Nuclease Bal 31 was used yga a400 — - R
(21) to generate deletions xgg 340a+ J— .

from the 5’ and 3’ ends of a

366-bp Ssp I-Bsm I fragment from the Vgl 3’ UTR. The chimeric deletion constructs, designated as
/5" and /3’, were created by fusion of the deleted fragments to B-globin coding sequences, as above.
Constructs with deletions within the 340-nt element were prepared by deletion of 150 bp from the
middle of the 340-bp sequence, leaving 90 bp from the 5’ end of the element and 100 bp from the 3’
end. The ends were religated directly to generate the construct XBG-340A, or the deleted 150 bp of
Vgl sequence was replaced by 150 bp of the XBG sequence to give the construct XBG-340A+. Names
of the constructs are listed to the left; XBG refers to the Xenopus B-globin coding sequence, and the
numbers indicate the length (in base pairs) of the added Vgl segment. Thick lines, Vgl 3' UTR;
shaded box, B-globin coding sequence. The results of localization assays are summarized at the right:
(+) reproducible localization, (—) no detectable localization, and [——/(+)] irreproducible and almost
undetectable localization (22).

Fig. 3. In situ hybridiza-
tdons to detect localized
RNAs. Oocyte sections are
shown with the vegetal pole
at the bottom, and the hy-
bridization signal appears as
white grains. (A) Oocyte in-
jected with RNA tran-
scribed from the XBG con-
struct and hybridized (4)
with an XBG probe. Hybridization is uniform throughout the cytoplasm and the germinal vesicle is
evident as a non-hybridizing “hole” at the center. (B) Oocyte injected with RNA transcribed from the
chimeric construct (XBG-366) and hybridized with an XBG probe. Hybridization to the injected RNA
is localized to the vegetal hemisphere. (C) Oocyte hybridized with a Vgl probe to detect endogenous
Vgl RNA. The hybridization signal is restricted to the vegetal hemisphere.

XBG XBG-366 XBG-340/3' XBG-304/3' XBG-330/5' A
TR e ) r 1 r 1 r 1
. 0d. 5d. 0d._ 5d. 0d. 5d. 0d. 5d. 0d. 5d.
Flg' 4. A tr n d A ¥V AV AN AN AN AN

. . . Ao NS TRV AV A YV
from the chimeric deletion ?

constructs (Fig. 2) tested for
localization. Samples were
probed with a 5" B-globin
prote to descr e ) e meme® B e mm e et o
probe to control for RNA ®

recovery as described (Fig.

1). (A) Oocytes were inject- XB8G
ed with RNAs transcribed od.
from the constructs indicat-
ed. (B) RNAs transcribed
from the designated con-
structs were injected into
oocytes. A, animal hemi-
sphere; V, vegetal hemi-
sphere; 0d., no culture after
injection; 5d., 5-day culture
after injection.
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bicoid RNA enters the Drosophila oocyte at the
anterior tip and is retained there (11). Both
nanos and oskar RNA also enter the oocyte at
the anterior tip but then are (like Vgl) trans-
located across the oocyte to the posterior pole
(9). Thus, it is perhaps more likely that parallels
will be found between Vgl and nanos or oskar
RNA localization.

The Vgl localization element, as large as
340 nt, may consist of several binding sites
for localization factors. Recognition of
RNA by proteins often involves elements of
secondary structure rather than (or in addi-
tion to) a primary sequence. Thus, it is
possible that a specific secondary structure,
involving long-range pairings of sequences
in the element, might be required for recog-
nition of the RNA molecule by localization
factors. For example, conservation of a pre-
dicted secondary structure rather than a
primary sequence has been observed for the
625-nt localization domain on bicoid RNA
(12). No structural similarities were appar-
ent, however, when computer-generated
RNA secondary structures for the 340-nt
Vgl localization element were compared to
the predicted secondary structure (12) of the
bicoid localization element or to computer-
generated secondary structures for either
nanos or oskar RNA. These computer-gener-
ated secondary structures can help direct
further studies, but it is clear that experi-
mental tests are necessary to determine
whether these structures are assumed by
localization elements in vivo.

In addition, the cytoskeleton has been impli-
cated in Vgl localization (13, 14). A two-step
model for Vgl localization has been proposed
(14) whereby microtubule-mediated transloca-
tion to the vegetal hemisphere is followed by
microfilament-dependent anchoring at the
oocyte cortex. Cytoskeletal elements might
bind directly to Vgl RNA, or, perhaps more
likely, such an association might be mediated
by other components that associate directly
with Vgl sequences.
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The Specificity of Translational Control Switched
with Transfer RNA Identity Rules

M. GRAFFE, J. DONDON, J. CAILLET, P. RoMBY, C. EHRESMANN,

B. EHRESMANN, M. SPRINGER¥

The interaction of Escherichia coli threonyl—transfer RNA (tRNA) synthetase with the
leader sequence of its own messenger RNA inhibits ribosome binding, resulting in
negative translational feedback regulation. The leader sequence resembles the substrate
(tRNA™) of the enzyme, and the nucleotides that mediate the correct recognition of
the leader and the tRNA may be the same. A mutation suggested by tRNA identity
rules that switches the resemblance of the leader sequence from tRNA™" to tRNAMe*
causes the translation of the threonyl-tRNA synthetase messenger RNA to become
regulated by methionyl-tRNA synthetase. This identity swap in the leader messenger
RNA indicates that tRNA identity rules may be extended to interactions of synthetases

with other RNAs.

HE EXPRESSION OF THE GENE FOR
T E. coli threonyl-tRNA synthetase,
thrS, is negatively autoregulated at the
translational level (1, 2). The threonyl-tRNA:
synthetase (ThrRS) binds to the region of the
thrS mRNA leader that has structural analo-
gies with the natural substrate (tRNA™) of
the enzyme (3, 4). The synthetase binds pref-
erentially to tRNA and, if the cellular concen-
tration of the primary substrate decreases,
secondarily to the mRNA (5). This regulato-
ry scheme is reminiscent of that of the trans-
lational feedback mechanism of ribosomal
proteins (6). We use tRNA identity rules (7)
to show that ThrRS interacts with stable
RNA and mRNA in a similar fashion.
The thrS mRNA leader (Fig. 1) is com-
posed of four domains (4). Mutational anal-
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ysis indicated that only domains 2 and 4 are
directly involved in the control of thrS
expression (8). These two domains bind
directly to the synthetase and compete with
tRNA™ for this binding (5). Therefore, we
compared the consensus structure of the
four tRNA™" isoacceptors of E. coli with
domains 2 and 4 of the thrS mRNA leader
(Fig. 1) (9). The nucleotides that mediate
the correct recognition of the isoacceptor set
by ThrRS define the identity elements. Ex-
periments have shown that the BGU (B
stands for C, G, or U) anticodon is involved
in tRNA™" identity (10, 11). Theoretical
evidence suggests that base pairs U(68)-
A(5) and G(71)-C(2) (Fig. 1) also belong to
the identity set (12). Domains 2 and 4 of the
thrS mRNA leader (Fig. 1) contain the
nucleotides that appear to define tRNA™™
identity at equivalent places. Moreover, an
ACCA sequence that forms the 3’ end of the
tRNA is located at an equivalent position in
the leader mRNA. Therefore, it appears that
the mRNA leader of thrS might have the

identity of tRNA™"". We postulated that the
identity of the mRNA leader could be
changed from tRNA™" to that of another
tRNA, causing control of the thrS gene to
be dependent on another synthetase.

We decided to change the CGU
(tRNA™™ anticodon) to CAU (tRNAM¢*
anticodon) in the mRNA leader equivalent
of the anticodon for the following reasons.
(1) The principal identity element of both
tRNAs appears to be the anticodon. (ii)
Clones that overproduce methionyl-tRNA
synthetase (MetRS) were available (13). (iii)
We have isolated the desired mutation as a
constitutive mutant that has no effect on the
structure of the mRNA leader (3, 4).

We introduced a second mutation in the
ribosomal binding site (RBS) of the thrS
mRNA leader. Although this second muta-
tion was not involved in the identity change,
we introduced it to increase the sensitivity of
thrS expression to regulation. The RBS is
indirectly involved in control of thrS expres-
sion because the synthetase competes with
the ribosome for binding to the mRNA (5).
Thus, if the affinity of the ribosome for the
mRNA is lowered because of an RBS mu-
tation, the synthetase binding to the mRNA
is not inhibited, allowing regulation over a
greater range. Conversely, if the affinity of
the ribosome for the RBS is increased, a
concomitant decrease in regulation is ob-
served (8). Therefore, any effect of MetRS

Table 1. The effect of thrS mRNA leader
mutations on the repression caused by ThrRS
(plasmid pUB4) or MetRS (plasmid pNAV?7)
compared to a pUCI2 control plasmid. The B-
galactosidase values expressed from the fusions
are given in Miller units per absorbance at 650
nm (Agso) of bacteria (19) and are the averages
+ the standard deviation of at least four
measurements made between 0.2 and 0.4 Agg,.
The thrS-lacZ fusions are indicated as the name
of the \ bacteriophages that carry them. The
sequence of the mRNA leader counterpart of
the anticodon and the corresponding amino acid
are given next to the name of the fusion.

Expression of

thrS-lacZ fusion B-galactosidase

pUCI2 pUB4 pNAV7
AMA20-10-XII-25 105 172 45
CGU (Thr) +5 *=13 =9
AMA20-10-XII-25- 1534 1462 130
BS4-9 CAU (Met) +106 =97 +6
AMA20-10-XII-25- 1322 1190 1475
VII-5 CCU (Arg) +*+91 =79 =181
AMA20-10-XII-25- 1757 1611 1752
VI-1 CUA +56 =83 =20
(Amber)
AMA20-10-XII-25- 1706 1557 1890
JC4-2UUG (Gln) *73 *39 293
AMA20-10-XII-25- 3254 3130 3107
ML2 A(-21 to + 123 =153 =+ 362
-39)
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