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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
I 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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Fig. 1. The thrS leader
mRNA and the com-
posite_structure of the
tRNA™" isoacceptors in
the L-shaped representa-
tion. The thrS leader be-
tween +3 and -130
(+1 is the A of the AUG
inilation  codon)  is
shown in the upper left
part of the figure in a
secondary structure
compatible with other
data (4). The Shine-Dal-
garno sequence is shown
as SD and the NH,-ter-
minal amino acid, Met,
is indicated under the
AUG initiation codon.
The composite structure
of the four known
tRNA™ isoacceptors is
shown in the lower right
part of the figure, and
the seven domains are
indicated. The solid lines
in both structures con-
nect nucleotides that are
linked with 3',5'-phos-
phodiester bonds, and

Met

Domain 4

T stem Acceptor arm

76
1] 1 1
CYKYVBWRJ[UIC cATTH 3’
LELL Ly
c GRMBVWY|AlG G s
LA

]
E

D loop g

C""-
>0
Dooc

A-C stem

TVwOmE<DOOPO>
G e s

XRNW<XD DO0CcO

€<
©
»®

A-Cloop 35

the dashed lines connect bases that form base tertary hydrogen bonds. R stands for A or G; Y for C
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on the mutated mRNA leader should be
increased if the affinity of the ribosome for
the RBS is decreased. In a systematic search
for RBS mutations that increase control, we
identified the XII-25 mutation located be-
tween the Shine-Dalgarno sequence and the
AUG of thrS (Fig. 1) (8). The molecular
mechanism by which this mutadon decreases
expression and increases regulation is not
known. Thus, we decided to look at the effect
of this mutation, along with the CGU (Thr)
to CAU (Met) change, on the regulation of
thrS expression by MetRS.

We transformed strains lysogenized with
\ bacteriophages carrying thrS-lacZ fusions
bearing the different mRNA leaders with
pUCI2 (a control plasmid), pUB4 (a plas-
mid expressing ThrRS from the lac pro-
moter), and pNAV7 (a plasmid expressing
MetRS from its own promoter and the lac
promoter) and measured B-galactosidase ac-
tivities in these cultures during exponential
growth (14). ThrRS represses expression of
B-galactosidase from the fusion containing
only the XII-25 mutation (Table 1), and
MetRS has a weak, but reproducible, nega-
tive effect on this fusion. The B-galacto-
sidase expression from the double mutant
(XII-25/CGU — CAU) is insensitive to
changes in ThrRS concentration but is re-
pressed more than tenfold by an excess of
MetRS (Table 1). The B-galactosidase syn-
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thesis from other thrS-lacZ fusions carrying
the XII-25 RBS mutation, with a CGU to
CCU change (the tRNA*"€ anticodon equiv-
alent), a CGU to CUA change (the amber
suppressor tRNA anticodon equivalent), or a
CGU to UUG change (the tRNAS"™ ant-
codon equivalent), is insensitive to either a
ThrRS or MetRS increase (Table 1). The
same is true of a fusion carrying a deletion in
the mRNA leader counterpart of the anti-
codon arm (Table 1) (15).

We performed protein immunoblot anal-
ysis on all strains to measure the amount of
each synthetase in the experiment (Fig. 2).
The extract of samples containing pNAV?7
was diluted tenfold, accounting for the dis-
appearance of the contaminating bands seen
in the other lanes (Fig. 2). We estimate that
the synthesis of MetRS from pNAV7 is
about 50-fold that of the chromosomal copy
of the gene, whereas that of ThrRS from
pUB4 is about twofold higher than from the
chromosomal thrS copy (16). The large ex-
cess of MetRS produced by pNAV7 proba-
bly explains the strong repression found in
the double XII-25/CGU — CAU mutant
when compared to the control (XII-25 alone
repressed by ThrRS) (Table 1).

Thus, the higher repression found with
MetRS and the switched mRNA leader re-
flects the large excess of repressor and not
increased mRNA leader sensitivity. The XII-
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Fig. 2. MetRS and ThrRS amounts in the fusion-
carrying strains of Table 1. Autoradiograms of
protein immunoblots of samples taken from the
same cultures from which B-galactosidase activi-
ties were determined (Table 1) with serum raised
against E. coli MetRS (A) or ThrRS (B). The
extract of samples containing pNAV7 was diluted
ten times in (A) only. The MetRS band is indi-
cated at arrow 1 in (A), the ThrRS-B-galacto-
sidase hybrid band is indicated at arrow 1 in (B),
and the ThrRS band is at arrow 2 in (B). The
name of the respective plasmids and mRNA lead-
er mutants are indicated over each lane. Technical
details are as described (20).

25/CGU — CAU mutant is not optimally
recognized by MetRS because there is 15-
fold greater synthesis of PB-galactosidase
from this fusion in the presence of pUCI12,
as compared to that from the XII-25 control
fusion with the same plasmid. This differ-
ence probably arises because the XII-25
fusion is efficiently repressed by the amount
of ThrRS provided from the chromosomal
copy of thrS, whereas the XII-25/CGU —
CAU fusion is not as efficiently repressed by
the endogenous concentration of MetRS.

All the regulatory phenomena observed
by measurements of B-galactosidase activity
are also observed on the ThrRS-B-galacto-
sidase hybrid protein synthesized from the
thrS-lacZ fusion gene (Fig. 2B). This indi-
cates that we are measuring effects on gene
expression and not on the activity of the
hybrid ThrRS—B-galactosidase protein. The
same experiments performed in the absence
of the XII-25 RBS mutation gave equivalent
results, although the repression due to either
synthetase was weaker than that measured in
the presence of the RBS mutation.

The results presented here indicate that
the specificity of regulation of E. coli thrS
expression can be switched by changing a
single nucleotide in the mRNA leader coun-
terpart of the anticodon. A second change in
the RBS was added to increase the sensitivity
of thrS expression to the binding of MetRS.
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Although the ability of MetRS to repress the
switched mRNA leader is clearly demonstrat-
ed, we believe that the repression can still be
amplified. The possibility remains that nucle-
otides not present in the mRNA leader par-
ticipate in tRNAM** identity. It is also possi-
ble that nucleotides in the mRNA leader
specifically prevent recognition by MetRS.
The present genetic system permits an easy
selection for mutants acting in cis that are
more sensitive to repression by MetRS. These
selections could yield nucleotide changes that
would give us information about how MetRS
recognizes its tRNA isoacceptors.

Our results indicate that an excess of MetRS
somewhat represses wild-type thrS expression.
This repression is seen in the decrease of expres-
sion of thrS-lacZ fusions (Table 1) and on
protein immunoblots (Fig. 2B), where the
band corresponding to the endogenous ThrRS
is weaker in the presence of pPNAV7 than in the
presence of pUCI2. Because this effect is lost
with changes other than the CGU — CAU
change, it appears that the wild-type thrS
mRNA leader is weakly but specifically recog-
nized by MetRS. Thus, the thrS mRNA leader
may be recognized with lower affinity by
MetRS and possibly other synthetases. The
biological relevance of this cross talk remains to
be determined.

The present data, coupled with genetic
(10) and biochemical (5) analyses of the thrS
mRNA leader-ThrRS complex, show that
the synthetase recognizes both RNAs by a
similar mechanism. Because the three-dimen-
sional structure of the synthetase-tRNA inter-
action is under analysis, this system should
provide a mechanism for studying the three-
dimensional structure of an mRNA leader
complexed with a translational repressor. The
ability to change the regulatory specificity of
thrS by changing the mRNA leader may
make three-dimensional analysis more facile.
The specificity of the mRNA leader could be
changed to an E. coli synthetase for which the
three-dimensional interaction with its cog-
nate tRNA is available (17). Also, the ability
to change the regulation specificity of thrS
provides the best indication of mimicry be-
tween a regulatory site on an mRNA and
another site on a stable RNA, to which a
single control protein binds to both in order
to perform a specific cellular activity.
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Reversal of Diabetes Insipidus in Brattleboro Rats:
Intrahypothalamic Injection of Vasopressin mRNA

GusTAV F. JIRIKOWSKI,* PIETRO PAOLO SANNA,
DOMINIQUE MACIEJEWSKI-LENOIR, FLOYD E. BLOOM

Messenger RNAs occur within the axons of magnocellular hypothalamic neurons
known to secrete oxytocin and vasopressin. In Brattleboro rats, which have a genetic
mutation that renders them incapable of vasopressin expression and secretion and thus
causes diabetes insipidus, injection into the hypothalamus of purifiecd mRNAs from
normal rat hypothalami or of synthetic copies of the vasopressin mRNA leads to
selective uptake, retrograde transport, and expression of vasopressin exclusively in the
magnocellular neurons. Temporary reversal of their diabetes insipidus (for up to 5
days) can be observed within hours of the injection. Intra-axonal mRNAs may
represent an additional category of chemical signals for neurons.

HE MRNAS ENCODING THE HOR-

mones arginine vasopressin (AVDP)

and oxytocin (OT) are present in
axons of the hypothalamoneurohypophysial
tract (1-3). Oxytocin mRNA has been local-
ized by in situ hybridization and electron
microscopy in large granular vesicles of ax-
onal varicosities in the lateral hypothalamus,
the median eminence, and the posterior
pituitary (2). Furthermore, the amounts of
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OT mRNA in the hypothalamoneuro-
hypophysial tract change with functional
demand on the neurons (4).

The presence of a neuropeptide mRNA in
vesicles and evidence for its axonal transport
(2) suggest that this mRNA could provide
an intraneuronal or intercellular signal. Be-
cause of the low activity of brain ribonucle-
ase (RNase) (5), we were able to investigate
the metabolic fate of exogenous AVP
mRNA injected into the axonal fields of
these magnocellular neurons. To do so, we
used the Brattleboro rat, which has a single
base deletion in exon B of the propresso-
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